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ABSTRACT
This work consists of a detailed study of the spectroscopic properties
of the crystal LiYF4 doped with Thulium (Tin) and Holmium (Ho) ions. The
purpose of this study is to understand the basic processes that regulate the
transfer of energy between these two ions in this crystal. In this system Tm is
considered the donor ion and Ho the acceptor ion.
Spectral data were obtained on three samples available: LiYF4:Tm 3+
(.5%), LiYF4:H03+(1%), and LiYF4:Tm3+(5%),Ho 3+ (.2%).These data, which
include absorption, luminescence, excitation and the response to pulsed
excitation in a wide range of temperatures, have allowed us to look at the
dynamics of the energy transfer processes by considering the kinetic
evolution of the emission of the two ions (donor and acceptor) involved in
the process and the basic spectroscopic properties related to them. This
inclusive approach has led to the validation of our physical model.
It was of great interest to find that the energy transfer processes
between the 3F 4 spectral manifold of the Tm ion and the 517 spectral
manifold of the Ho ion cause a thermal equilibration of the excitation in these
two manifolds. This fact has important implications for the laser applications
of this system.
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1. INTRODUCTION
Energy transfer processes are very important in solid state laser systems
because they can provide an enhancement of the luminescence emission and
a consequent reduction of the laser threshold. This is usually achieved by the
introduction of an ion of a different type, called _ or donor, into the laser
host material in addition to the ion, called _ or =3£,£,.P,.12I._responsible for
the laser emission. The donor ion absorbs strongly where the pumping source
emits, and transfers its excitation energy to the acceptor.
Most of the research on LiYF4 - based crystals has addressed problems
such as the laser threshold, output energy versus input energy curve, laser pulse
characteristics etc. [1-10]. Chickles et al. [2] observed high efficiency pulsed laser
action in alphabet (doped with Er 3+, Tin3+, and Ho 3+) LiYF4 at a wavelength of
2.06 microns at room temperature for the first time in 1971. Ho 3+ lasing action
assisted by energy transfer has also been observed in Ho 3+ doped alphabet
yttrium aluminum garnet [11], glass [12], yttrium iron garnet [13], ErO3 [14] as well
as other materials.
Johnson et al. [15] reported energy transfer between Er3+ and Tm 3*, and
Er3+ and Ho 3+ in CaMoO 4. CaMoO4 has the same crystal structure as LiYF4.
They found that the enhancement of infrared emission from Tm 3+ and Ho 3+
ions is due to the energy transfer from Er3+ ions. Jenssen et al. studied some of
the characteristics of various rare earth lasers [16], and reported the energy
levels and the laser wavelengths for Ce 3+, Pr 3+, Nd 3+, Tb 3+, Ho 3+, Er 3+ and
Tm3+ ions in LiYF 4.
In order to optimize the performance of a sensitized laser, it is necessary to
know in detail what energy transfer steps are involved, their rates, and
dependences on temperature and concentrations of the different ions. Bernier et
al. [17,18] considered the sensitization of the 2 micron emission of Ho 3+ by the
Er3+ ions in LiYF 4, and described the Er3+---,Ho3+ energy transfer by using rate
equations. They measured the decay pattern and the lifetime of Ho 3+ 517 energy
level as a function of the Er 3+ excitation level and of the Ho 3+ concentration.
They found that the lifetime of the 517 level increases with increasing Ho 3+
concentration. The same group also studied the excited state dynamics of the
Tm3+ ions and the Tm3+_Ho 3+ energy transfer in LiYF 4 at room temperature
[19,20]. They showed that when Tm 3+ ions are excited in their 3H 4 level three
relaxation channels have to be considered: relaxation to the ground state, a
cross-relaxation process within the Tm 3+ system and energy transfer from Tm 3+
to Ho 3+. They reported that the Tin3+--> Ho 3+ energy transfer is dominant for
high Ho 3+ concentrations.
The energy levels of rare earth ions are not strongly effected by the host
material. However, the nature of the host material is relevant to the energy
transfer process for a number of reasons. First, in many cases the energy
transfer process needs the assistance of phonons, whose frequency and
population at a certain temperature depend on the nature of the material.
Second, one complicated effect is due to the influence of the thermal vibrations
on the kinetics of the excitation and deexcitation of the relevant levels of
sensitizer and activator. Finally, thermal vibrations may also effect the positions
and width of sharp levels; even if such effects are small, they may be important
in the case of resonant transfer. The temperature is extremely important for
2
these processes, and may provide a key to the full understanding of the energy
transfer mechanism.
In this research, the temperature dependence of the energy transfer from
Tm to Ho (both are rare earths) in LiYF4 (called YLF) was studied in a
systematic way. Ho is known to lase in the 2 micron region, and Tm at slightly
shorter wavelengths. LiYF4 crystals have some advantages over the other laser
hosts. For example they have a scheelite structure, and so rare earth ions can
be substitute in the y3÷ sites without charge compensation. It also has a lower
phonon energy cut off than Y3AIsO12, called YAG, which is a well known host
material for rare earths.
The outline of this thesis is as follows: The theory of energy transfer
processes is presented in Chapter 2. Chapter 3 deals with the experimental set-
ups and the detailed design of the system. The samples were examined and
their optical properties are presented in Chapter 4. The Chapters 5, 6 and 7
contain the experimental results obtained. The results are discussed in
Chapters 8 and 9. The final chapter gives the conclusions of this study.
3
REFERENCES (Chapter 1)
1) R. L. Remski, L. T. James, Jr., K. H. Gooen, B. Di Bartolo, and Linz, IEEE
J. Quantum Electron., Vol. QE-5, 214 (1969).
2) E. P. Chicklis, C. S. Naiman, and R. C. Folweiler, Apply. Phys. Lett.
Vo1.19, 119 (1971).
3) E. P. Chicklis, C. S. Naiman, R. C. Folweiler, and J. C. Doherty, IEEE
J. Quantum Electron., _, 225 (1972).
4) E. P. Chicklis, R. C. Folweiler, C. S. Naiman, D. R. Gabbe, A. Linz, and
H. P. Jenssen, Tech. Re_oort ECOM-73-0066-F (1974).
5) E. P. Chicklis, C. S. Naiman, L. Esterowitz, and R. Allen, IEEE J. Quantum
Electron., _, 893 (1977).
6) M. G. Knights, W. F. Wing, J. W. Baer, E. P. Chicklis, and H. P. Jenssen,
IEEE J. Quantum Electron., _, 163 (1982).
7) H. Hemmati, Tech. Report, Contractor: Jet Propulsion Laboratory, NASA
Case No. NPO-17282-1-CU (1988).
8) Y. Kalisky, J. Kagan, H. Lotem and D. Sagie, Optics Commun.,
Vol.65, 359 (1988).
9) R. C. Eckardt, Esterowitz and Y. P. Lee, IEEE Quantum Electron.,
_, 380 (1976).
10) N. P. Barnes, D. J. Levinos, and J. E. Griggs, SPIE (LASL Optics
Conference), Vo1.190, 297 (1979).
11) L. F. Johnson, J. E. Geusic, and L.G. Van Uitert, Appl. Phys. Lett.,
Vol.8, 200 (1966).
4
12)
13)
14)
15)
16)
17)
18)
19)
20)
H. W. Gandy, R. J. Ginther, and J. F. Weller, Appl. Phys. Lett., Vol. 21,
37 (1966).
R. H. Hoskins and B. H. Softer, IEEE J. Quantum Electron., .V.._, 253
(1966).
L. F. Johnson, J. P. Remeika, and J. F. Dillon, J. Phys. Lett., Vol. 21,
37 (1966).
L. F. Johnson, L. G. Van Uitert, J. J. Rubin, and R. A. Thomas, Phys. Rev.,
Vol. 133, A494 (1964).
H. P. Jenssen, D. R. Gabbe, A. Linz, and C. S. Naiman, IEEE J. Quantum
Electron., Y_, 735 (1977).
J. Rubin, A. Brenier, R. Moncorge and C. Pedrini, J. of Luminescence,
Vol. 36, 39 (1986).
J. Rubin, A. Brenier, R. Moncorge and C. Pedrini, J. Physique, Vol. 4_,
1761 (1987).
A. Brenier, J. Rubin, R. Moncorge and C. Pedrini, in Proceedings of the
International School on Excited States of Transition Metal Elements.
(Wroclaw, Poland, June 20 - 25, 1988), (World Science Company 1988),
p.120.
A. Brenier, J. Rubin, R. Moncorge and C. Pedrini, J. Physique,
1463 (1989).
5
2. THEORY OF ENERGY TRANSFER AMONG IONS IN SOLIDS
The transfer of energy from an excited ion called sensitizer (or donor,D,)
to an unexcited ion called activator ( or acceptor, A, ) is generally the second
step in a series of three steps that often take place in luminescent systems (see
Fig. 2.1) :
1) absorption of a photon by D,
2) energy transfer from D to A, and
3) emission of a photon by A.
The time required for the energy transfer in step (2) depends on the
distance between the donor and the acceptor. If the distance is too large one of
the following processes may occur :
i) Radiative transition: The donor may relax to a lower energy state by
emitting a photon. The photon emitted may be absorbed by A. The process
depends on the absorption coefficient and the total number of A.
The photon emitted may also be absorbed by another D. In this case the
absorption depends on the spectral overlap between the absorption and the
emission bands of D and the number of D in the crystal.
ii) Migration of energy: Without emission of a photon, another D ion may
be excited to a higher energy level. This process depends on the concentration
of D and the spectral overlap between the absorption and the emission bands
of D.
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iii) Nonradiative relaxation: D may decay to its ground state through a
nonradiative transition. Here the energy is given to the phonon bath. Reviews of
relaxation processes in luminescent materials have been given by several
authors [1-3].
Di Bartolo [4] and Grant [5] have given comprehensive reviews of the
energy transfer processes. This chapter is mostly a summary of Di Bartolo's
article.
Energy transfer can be of two types; nonradiative and radiative. The
nonradiative energy transfer process provides an additional decay mechanism
to the donor and therefore, when it is present, the lifetime of the donor is shorter.
It arises from the van der Waals' interaction between the two ions involved;
since this interaction is weak, no relevant changes in the energy levels of either
donor or acceptor are observed.
In the case of radiative transfer the photon emitted by the sensitizer is
absorbed by the acceptor. The lifetime of the donor is not affected by this type of
transfer. In this case for an effective energy transfer the acceptor must have a
strong absorption band in the spectral region where the donor emits.
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2.1 Nonradlative Energy Transfer
The process can be of two types : resonant and nonresonant.
2.1.1 Resonant Energy Transfer
Resonant energy transfer was first studied by Ftbrster in 1948 [6]. He
formulated the energy transfer rate for electric dipole dipole interaction
between organic molecules. A few years later Dexter [7] generalized FSrster's
formula to include transfer by means of forbidden transitions, and applied the
theory to energy transfer between dopant ions in inorganic solids.
In the case of resonant energy transfer process an excited donor ion
decays to the ground state by giving its energy to an unexcited acceptor ion
without creation or annihilation of photons or phonons. Since the transfer
occurs between one donor ion and one acceptor ion, we can study the system
by using a two-atom model. The initial and the final states of the system are
described by the wave function U/I and U/F respectively. (see Fig. 2.2). U/I and
U/F can be written as follows:
(2.1.1)
where
• o = wave function of donor when it is in its excited state
_A = wave function of acceptor when it is in its ground state,
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_D = wave function of donor when it is in its ground state, and
_'A = wave function of acceptor when it is in its excited stat_
The transition probability per unit time is given by the Fermi Golden rule:
WDA = _ PE [(_, I HDA I WF)I 2 (2.1.2)
where
h is Planck's constant,
PE is density of states, and
HDA is the interaction Hamiltonian between the donor and the acceptor
given by HDA =e2/r12. The relevant matrix element is then given by
where the first term is called the _ and the second term the exchanae
term. The exchange term can be neglected if the multipole interactions are
strong. In case of rare earths the distance between ions is large enough to
ignore this term.
The rate of the energy transfer depends on the square of the matrix
element which can be expressed in a multipolar expansion as follows :
I (IHA_)I2-- R_) + R_8_88)+ 0(1°) +" ""R1o (2.1.4)
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where the first term corresponds to dipole - dipole, the second term corresponds
to dipole quadrupole, and the third term corresponds to quadrupole-
quadrupole interactions, respectively.
In case of a dominant multipolar interaction the transfer rate can be
written as
WDA(R ) =
C (n)
R n (2.1.5)
In the formula above R is the distance between the acceptor and the donor; and
C(n) is called the microscooic interaction oarameter and represents the energy
transfer rate from the donor to the acceptor when the distance between them is
equal to 1 cm.
We define energy transfer radius, Ro, as the distance between the donor
and the acceptor at which the energy transfer rate is equal to the decay rate of
the donor in the absence of the acceptor :
C (n) ]_Rol n
WDAIR)= ="col l (2.1.6)
where "co is the intrinsic lifetime of the donor. The parameter C(n) is then given
by
c(n) - R_
'CO (2.1.7)
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In the dipole - dipole case [8] Rocan be expressed in terms of the overlap
integral
Ro = [g fA 37te2c3h5 (gD(E)gA(E) E_4] 1/64mx s ] (2.1.8)
where
go(E), gA(E) = normalized spectral functions of the donor and the
acceptor,
E = quantum efficiency of the donor luminescence in the absence of the
acceptor, given by
_E_
rate of radiative decay
rate of radiative decay + rate of nonradiative decay
-1
_ 'trad
where "_rad is the radiative lifetime of A.
The oscillator strength, fA is derived from the absorption data as
= ,,,men [ O.A((,0)d(,0
fA 21t2e2cA ] (2.1.9)
where
CA = concentration of A, C_A(CO)= absorption coefficient of A, and n = index of
refraction. In the dipole - dipole case the energy transfer rate is then given by
(2.1.10)
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2.1.2 Nonresonant Energy Transfer
In this process the mismatch of energy between the energy levels of the
donor and the acceptor is compensated by the simultaneous emission or
absorption of one or more phonons as shown in Fig. 2.3. Phonon assisted
energy transfer processes have been studied by Fonger and Struck [9]. They
presented a model of phonon coupling to transitions based on Condon's
quantum - mechanical treatment of the Frank - Condon principle. Miyakawa and
Dexter [10] related the phonon sidebands to the multiphonon relaxation of
excited states and the phonon assisted energy transfer between ions in solids.
Yamada et al. [11] studied phonon assisted energy transfer between trivalent
rare earth ions in Y203. They found a good agreement between experimenta!
results and the theory of Miyakawa and Dexter.
The transition probability per unit time of the energy transfer process
accompanied by the production of a phonon is given by
WDA= h-_l (_O(_1) _A(_2)I HOA I _D(7,)_A(_2)/_ 2 S[n(_) + 1] f gD(E)gA(E-t_oo) dE (2.1.11)
where S = ion- vibrations coupling parameter, n(o)) = phonon occupation
numbers, and _o_ = AE.
If a phonon is destroyed in the process;
WDA= _'_ I/ _I/D(rl ) _l/A(r2)I HDA I_D(r, ) _'A(r2)/_ 2 S[ n(o_) ] I gD(E) gA(E + hco) dE (2.1.12)
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When AE >> ho)m where com is the maximum phonon frequency, energy
transfer is assisted by more than one phonons and the transition probability
per unit time [10] is given by
WDA(AE) = WDA(0)e'I_AE (2.1.13)
where 13is a temperature dependent parameter.
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2.2 Radiative Energy Transfer
Radiative transfer of energy consists of two stages:
1) a donor ion in an excited energy level decays to the ground state by
emitting a photon, and
2) an acceptor absorbs the photon emitted by the donor.
The quantum yield for the transfer is given by [7]
_T(E) = Av I fD(E)[I -e'C°C_o(E)]dE (2.2.1)
where the average is taken over the linear dimension t, v = (3/4)=R 3 and
fD(E) = normalized line shape of the donor's transition,
cA(E) = absorption cross section of the activator,
c+ = density of available activator sites, and
CA = concentration of the activator ions.
As it can be seen from the equation above, the probability of radiative
transfer depends on the concentration of the acceptor ions, and the size and the
shape of the system as well as on the strength of the donor emission and the
acceptor absorption.
The transfer may occur between the donor ions in the host lattice. It may
lead to trapping of the radiation and to an increase of the measured lifetime. In
such case the lifetime may depend on the size and the shape of the sample.
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2.3 Statistical Treatment of Energy Transfer
An excited donor can decay to its ground state by one of the following
processes:
Excited
donor
(1) goes to ground state
via a radiative
or (nonradiative)
transition
(2) gives excitation energy
to an acceptor ion
(3) gives excitation energy
to another donor ion.
The process of donor to acceptor energy transfer can be studied by
considering three limiting cases :
1) energy transfer from donor to acceptor without diffusion,
2) energy transfer from donor to acceptor with diffusion limited transfer, and
3) energy transfer from donor to acceptor with fast diffusion among donors.
Effect of diffusion on energy transfer by resonance has been studied by
Yokoda et al. [12]. Weber [13] examined the time dependence of the
luminescence following pulsed excitation from Cr3+ doped europium phosphate
glass. Here Cr3+ acts as the donor and Eu 3+ as the acceptor.
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Three cases are of interest •
1) Energy transfer without diffusion amono donor ions: When acceptor
ions are present, the donors further away from the acceptors decay with their
intrinsic lifetime. In this case the donor decay is presented by a function
p(t) = exp (- t / 1:D) (2.3.1)
The donor ions close to the acceptors decay by transferring their excitation
energy to acceptor ions. The energy transfer rates for different donor - acceptor
pairs generally decreases rapidly with the separation. If the probability for direct
energy transfer to an acceptor at distance R from the donor is WDA(R), then
p(t) = exp[- t / 'tD- WDA(R)] (2.3.2)
If the interaction between the donor - acceptor coupling is the multipolar
interaction the decay rate is given by the FOster formula [8]
P_ (t_3/n 1p(t) = ex - t. C_.8r (1-_)'_:D"
'tD Co (2.3.3)
where Co1 = _-_R3o
n = 6 for electric dipole - dipole interactions,
8 for electric dipole - quadrupole interactions,
10 for electric quadrupole - quadrupole interactions, and
CA = concentration of acceptor ions.
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2) Diffusion - Limited case: When the diffusion rate of energy among the
donor ions to the acceptor ion is slow but comparable to the intrinsic decay rate
of the donor ion, the decay of the total donor system is composed of several
competing processes.
A donor in the vicinity of an acceptor decays predominantly by direct
energy transfer to the acceptor. A donor far away from an acceptor must first
diffuse the excitation energy into the vicinity of an acceptor before energy
transfer can occur. The time evaluation for the donor decay can be obtained by
solving the equation
0p(F,t)at - D_72p(_'t) " _' WDA(r"- _n) p(_,t)- _ p(_,t) (2.3.4)
where D is the diffusion constant and WDA(r"- _n) is the probability for energy
transfer from an excited donor to the acceptor at position rn. We define t" = c_
D3/2
as a boundary between energy transfer without diffusion among donor ions and
energy transfer with diffusion among them.
For t << t ° --4, p(t) is the same as for the case of no -diffusion.
--L- KDt
For t >> t _ p(t)= etD
where Ko = 4=DcARD, and
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3) Fast Diffusion among the donor ions: When the donor concentration is
high or the average donor separation is small and the probability for resonant
energy transfer is large, energy diffusion can be very rapid. In this case
variations in the transfer rate is averaged out and the donor system shows an
exponential decay.
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a) Photon
D = Sensitizer or
energy donor
A = Activator or
energy acceptor
b)
D
.J
A
c)
D A
Fig. 2.1 Typical sequences of events for energy transfer
from one excited ion to other unexcited ion
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XState A
X
a'(1 ) b(2)
State B
X
a(1) b'(2)
Fig. 2.2 The initial and the final states of two - atom system.
l
Sensitizer (S) Activator (A)
Fig. 2.3 Phonon assisted energy transfer from S to A.
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3. EXPERIMENTAL APPARATUS
The experiments that we performed were optical absorption, continuous
luminescence, excitation and pulsed luminescence.
The equipment used consists of:
1) The absorption spectrophotometer,
2) The continuous luminescence apparatus, and
3) The pulsed luminescence apparatus.
An absorption spectrum gives the information about the energy level
structure and the energy storage capability of the sample. What is measured
with the absorption spectrophotometer is the absorbance or the transmittance of
the sample. The absorbance is measured in terms of the _ (O.D.)
defined as O. D. = Log_o ( #i/ 1o), where li is the intensity of the incident light, and
Io the intensity of the light after it travels through the sample.
If an ion or an atom is excited to an upper energy level by some
mechanism (for example by absorbing a photon), the atom may decay back to
the ground state via different decay paths. The information about these paths
can be obtained from the continuous emission spectra of the sample.
Continuous luminescence spectra also give information about additional
energy levels that are not seen in absorption.
The response of an energy level to a pulsed excitation is studied in order
to understand the decay kinetics of the level.
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3.1 The Absorption Spectrophotometer
A PERKIN-ELMER Model LAMDA-9 spectrophotometer was used for
absorption measurements at room temperature. The instrument has an access
to a microcomputer with a video display and a soft key operating system. The
usable wavelength range is 185 - 3200 nm with the accuracy of 0.2 nm for the
ultraviolet/visible (UVNIS) range and 0.8 nm for the infrared (IR) range. The slit
width is selectable from 0.05 - 5 nm with 0.01nm increments in the UV/VIS
range, and self adjusted in the IR range. The instrument provides the light
sources :
1) a deuterium lamp for UV range,
2) a tungsten-halogen lamp for VIS and IR ranges
and the detectors:
1) a side window photomultiplier for UV/VIS range,
2) a lead sulfide (PbS) detector for NIR (near IR) range.
The light sources and the detectors can be changed automatically or manually
at a selected wavelength.
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3.2 Continuous Luminescence Apparatus
\
This apparatus consists of the following (Fig. 3.1 ) :
1) The exciting system,
2) The analyzing system,
3) The detecting and amplifying system,
4) The recording system, and
5) The temperature regulating systems.
3.2.1 The Exciting System
This system consists of a Jarrell Ash 30 W tungsten-halogen lamp in a
housing and a focusing lens on the same optical axis or a coherent Lexel Model
526 Argon-Ion laser. The specifications for the Argon-Ion Laser are given
in Table 3.1.
3.2.2 The Analyzing System
The analyzing system consists of a lens, and either a Spex Model 1269
1.26 m or Spex Model 1681B 0.22 m scanning monochromator. The model
1681B has an internal drive circuitry that couples directly to a computer (Spex
Model DM1B) described in section 3.2.4. The Model 1269 scanning
monochromator is ddven by a Spex mini-step driver that couples directly to the
DM1 B.
The gratings used with both monochromators are:
1) 1200 groove/mm grating set to the first order, blazed at 500 rim, and
2) 600 groove/mm grating set to the second order, blazed at 1.25 _m.
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The luminescence emitted by the material is observed at 900 with
respect to the direction of the excitation, focused by a lens onto the slit of the
monochoromotor, and chopped.
3.2.3 The Detecting and Amplifying System
The detecting system consists of a Lead Sulfide (PbS) infrared detector
or an RCA Model C31034 photomultiplier, a Photon Technology International
(PTI) Model 03-OC4000 light chopper, and a Stanford Research Systems
Model SR510 Lock-in amplifier.
A Spex Model 1428 PbS detector was used for the detection of the
infrared luminescence. It fits in the Spex Model 1427 infrared detector housing.
An RCA C31034 photomultiptier (having a GaAs photocathode) cooled by a
HAKEE K1 refrigerator was used for detection of the optical luminescence. The
photocathode spectral response characteristics of this tube are shown in Fig.
3.2. This phototube has high sensitivity, low noise and fast response time
characteristics throughout its entire spectral range.
A Photon Technology International Model 03-OC4000 chopper was
used. It consists of a chopper head, a controller unit, and a disk. The chopper
can be operated under intemal or external control by means of a switch. If it is
operated under internal control, then the speed can be set by speed control dial
on the front panel. In the case of external frequency control, an analog signal
must be fed to the back connector. A linear increase in frequency can be
achieved by varying the voltage from 0 to 4 V. Frequency can be varied from 0
to 4000 Hz. For the continuous luminescence measurements the chopper was
set to 150 Hz to modulate the luminescence output which was then detected
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and amplified by a Stanford Research Systems Model SR510 "Lock-in"
amplifier. This method of phase sensitive detection rejects a large amount of
background noise. The output circuit of the phase sensitive detector may have
different time constant ('_= 0.001 to 100 sec), and corresponding noise
bandwidth.
3.2.4 The Recording System
The recording system is composed of a Spex Model DM103M Voltage
Input Module (VIM), a Spex Model DM1B spectrophotometer controller and data
processor, and a Houston Instrument Model HIPLOT DMP-29 multi-pen plotter.
The DM103M converts a bipolar voltage from an external device such as
a detector, into a digital signal. Two signals can be applied providing
selectable output options to collect one signal, invert the other or take the
difference of them.
The DM1B provides data and program storage, and eight data files. Once
the data are stored, they can be processed in fifteen different data acquisition
modes to subtract away background, take ratios, integrate or convert to
logarithms for absorption measurements.
The raw data or processed results can be displayed on a non-glare CRT
or plotted by a digital plotter or an X-Y analog recorder.
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3.2.5 The Temperature Regulating System
This system consists of a Janis Helium Research Dewar Model 8DT
combined with a "SuperVaritemp" device and a Lake Shore Cryotronics Model
DRC-80C digital thermometer/controller for low temperature measurements.
The dewar provides a vacuum insulated sample chamber. The sample is
cooled by means of a flowing helium (or nitrogen) vapor. The helium vapor is
vented ordinarily to the atmosphere. The temperature of the sample can be
varied from 2K to 300K (from 78 to 300K if liquid nitrogen is used). The speed of
the sample temperature change can be adjusted by changing the helium supply
flow (see Fig. 3.3).
The model DRC-80C digital thermometer/controller is used to inc;ease
and control the sample temperature.This instrument is designed to be used with
the Model DT-500CU-DRC-36 silicon diode sensors manufactured by the same
company. Two 10 mA constant current sources are used to excite the dual
sensor inputs. These inputs enable two silicon diode sensors to be used
concurrently. The DRC-80C provides a direct digital readout in Kelvin
temperature units. The temperature is controlled by direct analog comparison
between the sensor voltage and an analog equivalent of the digital temperature
set point. Two heater output levels are selectable. The HI mode provides up to
25 watts of heater power while the LO mode keeps output power to a nominal
10 watts. The specified range of operation is 4.0 to 380K. In this temperature
range, the diode sensor has a uniform characteristics.
For the temperatures higher than 300K, a 40 watts iron heater was used.
The heater is powered by an LFE Model 232 voltage A.C. power supply and
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controller. The temperature was measured and readout by using an iron-
constantan thermocouple connected to a FLUKE Model 2190A digital
thermometer.
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3.3 Pulsed Luminescence Apparatus
The pulsed luminescence apparatus consists of (Fig. 3.4) :
1) The exciting system,
3) The analyzing system,
3) The detecting system, and
4) The storing and processing system.
5) The temperature regulating systems
3.3.1 The Exciting System
The exciting system consists of either a Quantel Model TDL-51 tunable
dye laser pumped by a Quantel Nd3+: YAG (Yttrium Aluminum Garnet) Motel
660A-10 laser or an EG&G Princeton Applied Research Model 2100 tunable
dye laser pumped by a nitrogen laser. The specifications of these lasers are
given in Tables 3.2, 3.3, and 3.4.
3.3.2 The Analyzing System
The analyzing system consists of a lens and an interference filter that can
be replaced by a high resolution Spex Model 1269 monochromator. The axis of
the lens is either at 90 ° or 450 with respect to the incident radiation. The
transmission spectra of some filters used are shown in Fig. 3.5.
3.3.3 The Detecting System
The detecting system consists of an RCA Model C31034 photomultiplier
for the detection of optical signals, and a Judson Infrared Inc. Model J12TE2
InAs detector for the detection of infrared signal. The detector is combined with
a Judson Infrared Inc. Model TC200 cooling system and a preamplifier circuit
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(see Fig. 3.6). The signal was amplified by using an Analogic Data Precision
Model D1000 dual amplifier.
3.3.4 The Recording System
The recording system consists of an Analogic Data Precision Model Data
6000 waveform analyzer, and a Macintosh computer. The signal is processed
and stored by the waveform analyzer and then transferred to the computer.
The amplitude of the signal generally decreases as Cet/'_ F, where "_Fis
the luminescence lifetime. 1;F is derived from the best exponential fit to the
signal by using Cricket-Graph software.
3.3.5 The Temperature Regulating System
This system consists of a Helix CTI-Cryotronics Model SC-21 compressor
unit connected to a cold head. The temperature was changed from 10K to 300K
by passing a current through a nichrome heater wire wound around the cold
head. The temperature was measured by means of a type - T
Copper/Constantan thermocouple wire attached to the sample and was read by
using a Laser Analytics Inc. Model 5720 Cryogenic Temperature Stabilizer.
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Table 3.1. Specifications of the Lexel Model 526 Ar- Ion Laser
Tuning range ...................................................... 457.9 - 528.7 nm.
Beam Diameter .................................................. 1.1 mm.
Beam Divergence (full angle) ......................... 0.7 mrad.
Power (multitine) ................................................ 0.5 Watt
Amplitude power stability :
in light control .............................................. <_ 0.2%
in current control .......................................... <-T- 2.0%
Optical noise (10 Hz. to 2 MHz) :
Typical in light control ................................. <0.5% rms.
Maximum ripple in current control ............ <1.5
Typical high frequency component .......... <0.3
Typical high frequency with etalon ........... <0.15
Input voltage range ................................................. 190-245 volts
Cooling water requirements .................................. 5.6 Liter/min. at 1 Arm.
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Table 3.2 Specifications of Quantel Model TDL-51 Dye Laser
Energy (mJ)
532 nm pump-peakof R590(=560nm).......................................150
355 nm pump-peakof Coumarin 500 (=515nm).......................27
532 nm pump peak of R590, mixed(=368 rim)..........................48
532 nm pump-Rhodamine590, doubled (=280 nm).................36
532 nm pump-peak of R590, doubled and mixed (=222 nm)....6
Pulse length (FWHM)
Fundamentals..................................................................................7 to 9 ns
Harmonics........................................................................................6 to 8 ns
Wavelength Characteristics
Tuning range
Without wavelengthconversion accessories (nm)....................420 -740
With wavelengthconversionaccessories (nm).........................191-5000
Linewidth (560 nm)
WithoutNBP-2"............................................................................< 0.8cm1
With NBP-2....................................................................................< 0 08cm-1
With BBP-2°*. .................................................................................. > 90cm -1
Nominal beam diameter. ............................................................................. 5.00mm
t
narrow bandwidth package
"° broad bandwidth package
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Table 3.3 Specifications of Quantel Model 660A-10 YAG • Nd3+ Laser
Energy (mJ)
1064 nm................250
532 nm..................100
355 nm...................45
266 nm...................15
Pulse width (ns)
1064nm................5-7
532 nm..................4-6
355 nm..................4-6
266 nm..................3-5
Divergence(mrad)..........0.5
Jitter (ns)...........................0.5
Energy stability (%).........2.5
1064nm................3.0
532 nm..................5.0
355 nm..................5.0
266 nm..................N/A
Repetitionrate (Hz.).........10
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Table 3.4. Specifications of EG&G Dye Laser
A) _:
Output Pulse Duration: .................. 1.2 ns.
Output Pulse Energy: .................. >0.55 mJ.
Output Peak Power (337 nm) .... >0.4 _I.W.
B)
Output Pulse Duration: ................. 1.0 ns
Output Pulse Energy ................... >30 _J.
Output Peak Power (590 nm) .... >25 kW.
Spectral Linewidth (590 nm) ..... <0.04 rim.
Tuning Range ................................ 360 to 800 rim.
Polarization ................................... 100 : 1 honzontal
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4. SAMPLES EXAMINED
We studied the energy transfer processes between Tm 3+ and Ho 3+ ions
in LiYF4. Here Ho 3+ acts as an activator and Tm 3+ as a sensitizer. The energy
levels of Tm 3+ and Ho 3+ in LiYF4 are shown in Fig. 4.1. The 3F4-+3H 6 emission
of Tm is centered at 1.9 micron and 517_518 emission of Ho at 2.06 micron.
Tm3+ has an advantage as sensitizer because it can be pumped with a diode
laser into its 3H4 level (~ 795 rim).
In order to study energy transfer processes three samples are
generally needed; one doped with only sensitizer ions, one doped with only
activator ions, and one doped with both sensitizer and activator ions. The
samples we studied are the following :
i) LiYF4: Tm 3. (.5% at.)
ii) LiYF4: Ho 3. (1% at.)
iii) LiYF4: Tm 3. (5% at.), Ho 3. (.2% at.)
The LiYF4: Ho 3+ (1% at.) was grown at Oklahoma State University, and
the other two crystals at M.I.T. All these crystals were grown by using the
Czochralski growth technique.
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4.1 Optical Properties of The Host Lattice, LIYF4
LiYF4 has the tetragonal crystal structure with lattice parameters 5.167OA
(a - axis) and 10.735A (c - axis) [1]. The rare earth ions can be substituted in the
y3+ ion sites without charge compensation. The optical, mechanical and
thermal properties of the material were reported by Jenssen et al [2] and are
reproduced in Table 4.1.
The phase equilibrium diagram of the LiF - YF3 system was studied by
Thoma et al [3]. Data were obtained from thermal analysis of heating and
cooling curves and by identifying the phases present in small samples which
were quenched after equilibration at high temperatures. The phase diagram
obtained by Thoma et al. is shown in Fig. 4.2. Two invariant points occur in the
system : an eutectic point at 19 mole % YF3 and 695 oC and a peritectic point at
49 mole % YF3 and 819 oC. The same group reported the lattice parameters to
be: a = 5.26 + 0.03A, and c = 10.94 + 0.03A. Calculated density was reported to
be 3.77 g/cm 3. A few years later, Shand [4] grew the LiYF4 single crystal by both
the Stock-barger and Czochralski techniques. He reported the lattice
parameters to be a=5.16 :!: 0.01A, and c=10.85 + 0.01A. He also calculated for
the density a value 3.995 :t: 0.005 g/cm 3. Fig 4.3 shows the refractive indices of
the crystal for wavelengths between 400A and 6500 A.
The transmission limits of UYF4 for a 4 mm thick sample is shown in
Fig. 4.4. The sample is transparent in the region of 300 to 6000 nm. This makes
the material convenient for matching the optical properties of the rare earths.
43
4.2 The Rare earth Ions in a Crystalline Solid
The rare earths are characterized by successive filling of the 4f and 5f
shells of their electronic configurations. They are divided into two groups: the
lanthanides and the actinides. Each group contains fourteen elements The
lanthanide atoms have the electronic configuration: ls 2 2s 2 2p 6 3s 2 3p 6 3d 1o
4s 2 4p s 4d 10 4f N 5s 2 5p 6 with two or three outer electrons (6s 2 or 5d6s2). The
4f N configuration starts with N=I for Cerium and increases regularly to N=14 for
Lutecium. These ions are usually found in crystals in their trivalent states.
Intensities of crystal spectra of rare earth ions have been studied by Ofelt
[5]. The optical spectra of rare earth ions [6, 7] are described by the electronic
transitions between the 4f N levels of their ground state configurations. These
transitions are not allowed in a free ion because of the parity rule. They become
partially allowed when the free ion is placed in a noncentrosymmetric crystalline
solid. The crystal field energy causes the admixture of the 4f N levels with those
of the 4f N-1 5d state having opposite parity.
The Hamiltonian for an ion in a crystal is given by
H = Hisolated ion + Helectron-slatic lattice + Helectron-dynamic lattice + Hdynamic lattice
where
Hisolated ion is the Hamiltonian for the free ion with eigenstates (2S+I)Lj,
Helectron-static lattice represents the crystal field energy which describes how the
ion is affected by the average static environment,
Helectron-dynamic lattice describes how the ion is affected by the lattice modes; this
term modifies the shape and strength of the optical transitions; in addition, it can
give rise to nonradiative processes, and
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Hdynamic lattice is the vibrational energy of the crystalline lattice; it can be
described in terms of lattice phonon modes.
The concentration of the optically active ions is generally so low that we
may neglect the interaction among them; this allows us to consider the optical
spectroscopy of an individual ion in a crystal field. The effect of the crystal field
on the energy levels of the 4f-electrons is week, because these electrons are
well shielded by the electrons of the outer 5s and 5p shells. The energy levels
of all the rare earth ions in LaCI3 have been established experimentally by
Dieke [8] and are shown in Fig 4.5.
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4.3 Optical Properties of Tm 3+ in LIYF4
An analysis of the absorption and luminescence of Tm 3+ in LiYF4 was
made by Jenssen et al. [9] at temperatures 5 and 77K. The energy levels for the
4f 12 configuration were established by using the experimental data and also
obtained by diagonalizing a Hamiltonian that describes the free - ion and crystal
field interactions in the basis of states spanning the 4f 12 configuration. The
experimental and the calculated energy levels were in agreement.
Brenier et al. [10] studied the dynamics of the relaxation processes for
different Tm concentrations in LiYF4. The decay patterns of different energy
levels were obtained by exciting each energy level of Tm 3+ in the visible and
the infrared region selectively. When the 3H4 level is excited by a pulse, the
decay pattern of the luminescence of 3F4 level shows a rise at early times
followed by an exponential decay. The lifetime of the 3F4 level was reported to
be 16 msec at room temperature for a 1% at. Tm doped single crystal.
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4.4 Optical Properties of Ho 3+ in LIYF4
LiYF4 crystals co-doped with Ho 3+, Er 3÷, and Tm 3+ are well known laser
materials [11-13]. In these crystals, the visible luminescence of Ho is quenched
due to the nonradiative transitions between the upper levels, and all the
luminescence originates in the first excited level 517. The luminescence of LiYF4
activated with only Ho is found to be strong in both the visible and the infrared
regions of the spectrum.
A study of the luminescence and absorption spectra of Ho in LiYF4 was
made by Podzolkina [14] in 1976. The ground state of Ho was found to have
two groups of levels separated by a gap ~150 cm -1. The lifetimes of 5S2 and 517
levels were reported to be 0.05 and 10 msec at room temperature.
Karayianis et al. [15] experimentally established an energy level scheme
for the lowest ten multiplets of Ho in LiYF4. They also obtained these energy
levels by diagonalizing a Hamiltonian which describes the free ion and crystal
field interaction in a basis of states spanning the 4f N configuration. The data
were recorded with a 2 % at. Ho doped single crystal. The longest wavelengths
transition observed in absorption was those due to the 518-,517 transition. The
Stark-split energy levels in the lowest ten multiplets of Ho were tabulated.
The luminescence dynamics of Ho in LiYF4 was reported by Rubin et al
[16]. The Ho ions were excited in their 5S 2 levels by using a pulse dye laser.
The decay channels and the decay times measured are shown in Fig. 4.6. Rate
equations were used to fit the experimental data. These workers studied the
different excitation channels responsible for the population of 517 level; the
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lifetimeofthislevelwas reportedto be 16 msec at room temperaturefor1% at.
Ho concentration,and to increasewith increasingHo concentrationdue to the
radiativetransferofenergy among the Ho ions.
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TABLE 4.1
Optical, Physical, and Mechanical Properties of LIYF4
Optical:
Index of refraction at Z = 1.06 _m .......................... no (along a-axis) = 1.4481
........................... ne (along c-axis) = 1.4704
UV absorption ........................................................... 50% at 0.120 nrn
Two photon absorption coefficient
(cm/Mw) at Z = 266 nm .......................................... < 3.0 x 10 -6
Damage resistance (Gw/cm 2) at I = 1.06 p.m ..... ~ 20
Thermal:
Thermal conductivity at 300K (K/cm-OK) .............. 0.06
Thermal expansion coefficient
in 0-100oC range (OK-l) ........................................ a axis : 13.8 x 10 .6
c axis : 9.0 x 10 .6
Mechanical :
Density (g/cm 3) ....................................................... 3.99
Hardness (Mch) ........................................................ 4-5
Elastic modulus (N/m 2) ........................................... 7.5 x 1010
Poisson's ratio .......................................................... 0.33
Strength (modulus of rupture, in Kg/cm 2) ........... 335
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5. EXPERIMENTAL RESULTS I. ABSORPTION AND
LUMINESCENCE MEASUREMENTS
5.1 LIYF4 : Tm 3+ (.5%)
The absorption spectra reported in Table 5.1 and Fig. 5.1 were taken with
the Perkin Elmer Model Lamda 9 spectrophotometer described in section 3.1.
The strong structured bands are centered at :
470, 660,680,795, 1240 and 1685 nm.
Most of the lines are seen in excitation when the luminescence is monitored at
1.7 and 1.8 IJ.m. The strong lines in absorption also tend to be strong lines in
excitation.
The luminescence measurements were made for two different directions
of the exciting source with respect to the c-axis of the sample:
1) The direction of the exciting source was parallel, and the
luminescence from the sample detected was perpendicular to the c-axis.
2) The direction of the exciting source was perpendicular, and the
luminescence from the sample detected was parallel to the c-axis.
In both cases the integrated intensities have the same temperature
dependence in the 78 to 550K region.
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The optical luminescence of Tm 3+ in LiYF4 at room temperature is
reported in Table 5.2 and Fig. 5.2. The line intensities do not change very much
with the temperature of the sample.
The 1.9 _m luminescence of Tm 3+ in LiYF4 at temperatures 78 and 300K
is given in Table 5.3 and Fig. 5.3. The spectra present much sharper lines at low
temperatures.
The integrated intensities of the luminescence designated in Fig. 5.2 with
the transition 3H4-->3H6 and in Fig. 5.3 with the transition 3F4-,3H6 slightly
decrease with increasing temperature (see Tables 5.4 and 5.5 and Figs. 5.4
and 5.5.).
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5.2 LiYF4 : Ho3+(1%)
The absorption and the luminescence spectra of LiYF4 : Ho 3+ at 300K
were measured in the direction of the c-axis.
The absorption spectrum is reported in Table 5.6 and Fig. 5.6. The
spectrum consists of nine structured bands corresponding to the transitions from
the ground state to various excited states.
The optical luminescence of Ho 3+ in LiYF4 is reported in Table 5.7 and
Fig.5.7. The spectrum consists of three structured bands centered at :
540, 650 and 750 nm.
The infrared luminescence at 78 and 300K is reported in Table 5.8 and
Fig. 5.8. The only emission observed was in the 1.9 - 2.2 l.[m region. The lines of
the band are sharper at 78K than at 300K. We also observed that more
luminescence lines appear at low wavelengths with increasing temperature.
The integrated intensity of the luminescence due to the 5174518 transition
first increases and then decreases with increasing temperature (See Table 5.9
and Fig. 5.9).
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5.3 LiYF4 :Tm 3+ (5%), Ho 3+ (.2%)
The absorption spectrum of LiYF4 : Tm3+(5%), Ho3+(.2%) at 300K is
reported in Table 5.10 and Fig. 5.10. This spectrum is simply the superposition
of the absorption spectra of LiYF4 : Tm 3+ and LiYF4 : Ho 3+. Therefore effects
due to ion-pairing such as shifting of lines or appearance of additional lines do
not exist. In the present spectrum, the lines contributed by Ho 3+ are
considerably weaker due to the lower Ho 3+ concentration.
The optical luminescence lines of LiYF4 : Tm(5%), Ho(.2%) at 300K are
reported in Table 5.11 and Fig. 5.11. The luminescence lines of both Tm 3+ and
Ho 3+ were seen from 300 to 900 nm. The most intense lines were those of
Tm 3+ in the 800 nm region.
The infrared luminescence of LiYF4 : Tm(5%), Ho(.2%) at 300K is
reported in Table 5.12 and Fig. 5.12. The spectrum is the superposition of the
luminescence spectra of LiYF4 : Tm 3+ and LiYF4 : Ho 3+.
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_.(nm)
464.0
466.0
469.8
472.2
476.2
483.6
658.0
664.4
684.6
686.2
698.2
701.6
704.0
780.0
792.0
8O2.O
1172.5
1219.5
TABLE 5.1
ABSORPTIONSPECTRUMOF LiYF4:Tm3+ (.5%)AT 300K
_,(cm-1) Intensity Energy Level
21552 56
21459 47
21286 18
21178 14
20999 11
20678 11
15198 32
15051 21
14607 378
14573 427
14323 39
14253 49
14205 32
12821 126
12626 95
12469 28
8529 75
8200 170
Assignment
1G4
3F2, 3F3
3H 4
3H5
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TABLE 5.1
ABSORPTIONSPECTRUMOF LiYF4:Tm3+ (.5%) AT 300K
(Continued)
_.(nm) _.(cm-1) Intensity Energy Level
Assignment
1690.0 5917 200
1744.0 5734 100
1830.5 5463 48
1880.0 5319 31
3F4
Refer to Figure 5.1
Instrument used: Perkin Elmer Model LAMDA-9
Sample thickness: .5 cm
Ground state: 3H6
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TABLE 5.2
OPTICAL LUMINESCENCESPECTRUMOF LiYF4:Tm3+(.5%) AT 300K
_,(nm) _(cm-1) Intensity Transitions
634.2 15768 5
643.4 15543 18
648.0 15432 38
653.4 15305 10
657.6 15207 32
666.4 15006 12
1G4-->3F 4
757.4 13203 5
771.8 12957 13
778.0 12853 22
789.0 12674 118
794.2 12591 70
800.0 12500 63
806.0 12407 42
814.0 12285 38
3H4_3H 6
Refer to Figure 5.2
Source: Coherent Lexel Model 526 Ar-lon Laser tuned at 460 nm
GO515 (_,<515 nm) cut off filter after sample
Detector: RCA C31034 photomultiplier
Spex Model 1269 monochromator; slits (both) : 300 p.m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity :500 IIV
Time Constant : 0.3 sec.
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TABLE 5.3
INFRARED LUMINESCENCE OF LiYF4: Tm3+(.5%)
78K 300K
_L(nm) _L(cm-I) Intensity
1738.3 5753 8
1746.7 5725 11
1757.3 5691 7
1797.3 5564 56
1851.7 5400 9
1911.7 5231 60
1930.0 5181 37
_,(nm) _L(cm "1 ) Intensity Transitions
1686.0 5931 15
1745.7 5728 39
1797.3 5564 36
1850.0 5405 30
1911.6 5231 26
3F4--)3H 6
Refer to Figure 5.3
Source: Jarrell Ash 30W tungsten Lamp
RG850 (_L<850 nm) cut off filter after sample
Detector : Spex Model 1428 PbS detector
Spex Model 1681 .22m monochromator; slits (both) : 500 I_m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity : 50 I.I.V
Time Constant : .3 sec.
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TABLE 5.4
TEMPERATURE DEPENDENCEOF 800 nm LUMINESCENCEOF LiYF4 :Tm3+(.5%)
Temperature Integrated Intensity (a) Integrated Intensity (b)
(K) (A.U.) (A.U.)
80 1.8 2.9
90 1.8 3.3
100 1.8 3.5
150 2.1 4.3
200 2.3 4.6
25O 2.5 4.5
300 2.5 4.6
330 2.6 4.6
350 2.6 4.5
(a) : luminescence detected in the direction of the c-axis of the sample.
(b) : luminescence detected at 90 o with respect to the direction of the c-axis of
the sample.
Refer to Figure 5.4
Source : Jarrell Ash 30W tungsten lamp
Detector : RCA C31034 photomultiplier
SPEX Model 1269 monochromator; slits (both) :500 IJm
Stanford Research Systems Model SR510" lock-in" amplifier;
Sensitivity : 100 I._V
Time constant : 0.3 sec.
Transition : 3H4--)3H6
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TABLE 5.5
TEMPERATURE DEPENDENCE OF 1.9 t_m LUMINESCENCE OF LiYF4 :Tm3+(.5%)
Temperature Integrated Intensity (a) Integrated Intensity (b)
(K) (A.U.) (A.U.)
80 1.8 2.7
90 1.9 ....
100 2.1 2.7
150 2.2 2.8
200 2.4 2.9
250 2.4 3.0
300 2.3 3.2
310 2.3 .....
35O 2.3 3.3
400 2.3 3.1
450 2.2 3.1
500 2.2 3.3
550 2.1 3.4
(a) : luminescence detected in the direction of the c-axis of the sample.
(b) : luminescence detected at 90 ° with respect to the direction of the c-axis of
the sample.
Refer to Figure 5,5
Source : Jarrell Ash 30W tungsten lamp
Detector : Spex Model 1428 PbS detector
SPEX Model 1681B .22m monochromator; slits (both) :500 p.m
Stanford Research Systems Model SR510" lock-in" amplifier;
Sensitivity : 100 I_V
Time constant : 0.3 sec.
Transition : 3F4---_3H6
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;L(nm)
415.5
417.0
418.5
420.5
422.0
441.0
446.5
448.5
449.9
451.2
452.8
454.0
456.1
457.8
465.5
467.4
468.2
472.5
473.1
474.5
TABLE 5.6
ABSORPTION SPECTRUM OF LiYF4: Ho 3+ (1%) AT 300K
_.(cm -1) Intensity Energy Level
Assignment
22067 145
23981 180
23895 90
23781 65
23697 50
22676 385
22396 360
22297 483
22227 700
22163 665
22085 125
22026 140
21925 120
21844 275
21482 45
21395 85
21358 49
21164 134
21137 138
21075 48
5Gs
5F1 (5G6)
3K 8
5F 2
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_,(nm)
477°0
478.5
479.0
481.6
482.8
483.9
484.4
485.9
488.O
489.1
491.0
535.5
537.2
538.8
539.5
541.8
543.5
546.0
548.O
549.0
550.0
TABLE 5.6
ABSORPTIONSPECTRUMOF LiYF4 " Ho3+(1%)AT 300K
(Continued)
Z(cm-1) Intensity Energy Level
Assignment
20964 20
20899 30
20877 40
20764 90
20713 70
20665 120
20644 235
20580 65
20492 35
20446 35
20367 25
18674 335
18615 420
18560 335
18536 145
18457 215
18399 210
18315 53
18248 41
18215 45
18182 28
5F 3
5F4 (5S2)
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%(nm)
639.5
642.0
645.1
646.8
651.7
654.0
656.0
657.0
658.0
1142.5
1154.0
1160.5
1181.0
1193.0
1894.0
1900.0
1909.6
1917.0
1924.4
1934.0
1942.0
TABLE 5.6
ABSORPTION SPECTRUM OF LiYF4 : Ho 3÷ (1%) AT 300K
(Continued)
X,(cm -1) Intensity Energy Level
Assignment
15637 258
15576 210
15502 63
15461 73
15344 60
15291 76
15244 83
15221 100
15198 123
8753 75
8666 110
8617 53
8467 18
8382 70
5280 70
5263 65
5237 58
5217 133
5196 70
5171 110
5149 140
5F 5
516
517
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TABLE 5.6
ABSORPTION SPECTRUMOF LiYF4 : Ho3÷(1%)AT 300K
(Continued)
_L(nm) Z(cm-1) Intensity Energy Level
Assignment
1947.0 5136 208
1966.0 5087 95
1996.0 5010 60
2008.4 4979 53
2023.0 4943 60
2040.0 4902 58
2052.0 4873 78
2064.0 4845 95
Sl7
Refer to Figure 5.6
Instrument used: Perkin Elmer Model LAMDA-9
Sample thickness: 1.2 cm
Ground state: 518
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TABLE 5.7
OPTICAL LUMINESCENCESPECTRUMOF LiYF4: Ho3+(1%)AT 300K
_(nm) _(cm-1) Intensity Transitions
534.6 18706 19
537.4 18608 32
541.1 18481 39
543.4 18403 50
545.8 18322 60
548.7 18225 39
550.0 18182 59
5S2_518
637.9 15676 38
640.5 15613 3
643.4 15542 4
646.1 15477 5
648.4 15423 4
651.1 15359 4
653.3 15307 6
655.5 15256 7
658.1 15195 13
659.3 15168 13
5F5_518
739.1 13530 6
743.9 13443 7
748.0 13369 12
5S2_517
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TABLE 5.7
OPTICAL LUMINESCENCESPECTRUMOF LiYF4: Ho3+(1%)AT 300K
(Continued)
;L(nm) _(cm "1 ) Intensity
750.5 13324 51
752.4 13291 19
754.2 13259 7
757.6 13200 15
757.9 13194 18
Transitions
5S2_517
Refer to Figure 5.7
Source: Coherent Lexel Model 526 Ar-lon Laser tuned at 460 nm
GO515 (_,<515 nm) cut off filter after sample
Detector: RCA C31034 photomultiplier
Spex Model 1269 monochromator; slits (both) :300 p.m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity : 500 p,V
Time Constant : 0.3 sec.
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TABLE 5.8
INFRAREDLUMINESCENCEOF LiYF4: Ho3+(1%)
78K 300K
_.(nm) _.(cm-1) Intensity
1937.0 5163 7
1946.1 51 38 10
1961.0 5099 15
1993.8 5016 6
2019.8 4951 14
2038.3 4906 20
2050.7 4876 48
2063.6 4846 61
_(nm) _L(cm-I) Intensity Transitions
1888.3 5296 12
1914.3 5224 18
1944.2 5144 39
1959.7 5103 29
1998.1 5005 26
2018.2 4955 37
2050.7 4876 61
2058.8 4857 70
517_518
Refer to Figure 5.8
Source: Jarrell Ash 30W tungsten Lamp
RG850 (_,<850 nm) cut off filter after sample
Detector : Spex Model 1428 PbS detector
Spex Model 1681 .22m monochromator; slits (both) : 500 p,m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity :20 pV
Time Constant : 0.3 sec.
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TABLE 5.9
TEMPERATURE DEPENDENCEOF 2.1 I_mLUMINESCENCEOF LiYF4 :Ho3+(1%)
Temperature Integrated Intensity
(K) (A.U.)
80 3.2
100 3.3
150 3.7
200 4.0
250 4.0
300 4.7
350 4.7
4OO 5.0
450 5.0
500 5.0
550 5.0
Refer to Figure 5.8
Source : Jarrell Ash 30W tungsten lamp
RG850 (_,<850 nm) cut off filter after sample
Detector : Spex Model 1428 PbS detector
SPEX Model 1681B .22m monochromator; slits (both) :500 i,l,m
Stanford Research Systems Model SR510" lock-in" amplifier;
Sensitivity :20 I.W
Time constant : 0.3 sec.
Transition : 517_518
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TABLE 5.10
ABSORPTION SPECTRUM OF LiYF4" Tm3+(5%), Ho3+(.2%) AT 300K
Z(nm)
415.4
417.0
422.4
446.2
448.4
451.2
453.0
457.8
464.2
466.2
469.6
472.4
476.0
484.0
486.0
488.0
535.6
537.6
538.4
539.8
541.0
_,(crn-1 ) Intensity Energy Level
Assignment
24073 60
23981 70
23674 20
22412 40
22302 30
22163 40
22075 80
21844 30
21542 190
2145O 160
21295 50
21169 60
21008 35
20661 75
20576 50
20492 15
18671 150
18601 90
18574 48
18525 20
18484 25
5G 5 (Ho 3+)
5F 1 (5G6)(Ho3+)
3K 8 , 5F2,5F3 (Ho 3+) ;
2G4(Tm3+ )
5F 4 (5S2)(Ho3+)
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TABLE 5.10
ABSORPTION SPECTRUM OF LiYF4: Tm3+(5%), Ho3+(.2%) AT 300K
(Continued)
_.(nm)
544.0
637.8
640.0
658.0
664.2
682.0
684.4
700.4
777.6
780.O
790.0
802.4
812.0
1159.0
1182.5
1215.5
1259.0
1680.0
1742.0
1830.0
_(cm -1 ) Intensity Energy Level
Assignment
18382 10
15679 150
15625 30
15198 120
15056 70
14663 1330
14611 1500
14278 160
12860 410
12821 440
12658 340
12463 100
12315 40
8628 20
8457 68
8227 145
7943 13
5953 355
5741 88
5465 35
5F4 (5S2)(Ho3+)
5F5(Ho3+) ;
3F2,3F3(Tm3+)
515(Ho3+) ; 3H4(Tm3+)
516(Ho3+) ;
3H5(Tm3+ )
517(Ho 3+) ; 3F4(Tm3+)
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TABLE 5.10
ABSORPTIONSPECTRUMOF LiYF4:Tm3+(5%), Ho3+(.2%)AT 300K
(Continued)
_,(nm) ;L(cm -1 ) Intensity Energy Level
Assignment
1855.5 5389 19
1877.0 5328 20
1890.0 5291 8
1910.5 5234 13
1940.0 5155 8
517(Ho3+) ; 3F4(Tm3+)
Refer to Figure 5.10
Instrument used: Perkin Elmer Model LAMDA-9
Sample thickness: .2 cm
Ground states: 3H6 of Tm3+ and 518 of Ho 3+
77
TABLE 5.11
OPTICAL LUMINESCENCESPECTRUMOF LiYF4: Tm3+(5%), Ho3+(.2%)AT 300K
_(nm) _(cm"1) Intensity
534.4 18713 73
536.8 18629 75
539.2 18546 52
540.8 18491 53
543.2 18409 59
545.8 18322 31
548.7 18225 44
550.0 18182 27
Transitions
5S2-.*518(Ho3+)
638.8 15654 7
640.8 15605 5
643.4 15542 5
645.4 15494 8
648.7 15415 27
652.6 15323 5
655.3 15260 5
658.1 15195 13
667.6 14979 7
5F5"--*518(Ho3+)
739.5 13523 5
743.7 13446 4
748.0 13369 8
750.0 13333 34
5S2_517(Ho3+ )
3H4_3H6(Tm3+ )
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TABLE 5.11
OPTICAL LUMINESCENCE SPECTRUM OF LiYF4: Tm3+(5%), Ho3+(.2%) AT 300K
(Continued)
_L(nm) _,(cm -1) Intensity
751.8 13301 14
753.9 13264 6
755.4 13238 11
757.6 13200 12
772.2 1295O 6
776.9 12872 8
789.5 12666 27
794.2 12591 26
803.3 12449 22
803.9 12439 21
807.9 12378 19
814.6 12276 20
Transitions
5S2_517(Ho3+);
3H4_3H6(Tm3+ )
Refer to Figure 5.11
Source: Coherent Lexel Model 526 Ar-lon Laser tuned at 460 nm
GO515 (_,<515 nm) cut off filter after sample
Detector: RCA C31034 photomultiplier
Spex Model 1269 monochromator; slits (both) : 100 I_m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity : 1.0mV
Time Constant : 0.3 sec.
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TABLE 5.12
INFRARED LUMINESCENCE SPECTRUM OF LiYF4: Tm3+(5%), Ho3+(.2%) AT 300K
_(nm) _,(cm "1 ) Intensity Transitions
1682.0 5945 23
1743.3 5736 59
1794.0 5574 60
1831.8 5459 61
1843.0 5426 59
1859.0 5405 54
1862.3 5370 44
1878.0 5325 58
1892.0 5285 68
1909.5 5237 66
1916.5 5218 70
1938.9 5158 76
1944.5 5143 85
1963.8 5092 51
1997.0 5008 39
2007.2 4982 38
2018.0 4955 51
2037.3 4908 57
2050.2 4878 82
2063.2 4847 95
517_518(Ho3+);
3H4-_3H6(Tm3+ )
8O
Refer to Figure 5.12
Source : Jarrell Ash 30W tungsten lamp
RG850 (_,<850rim) cut off filter after sample
Detector : Spex Model 1428 PbS detector
Spex Model 1681 .22m monochromator; slits (both) : 500 I_m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity : 20 _V
Time Constant : 0.3 sec.
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Fig. 5.2 The optical luminescence of Tm 3+ in LiYF4 : Tm3+(.5%)
(a) Luminescence detected in the direction of the c-axis of
the sample.
(b) Luminescence detected at 90 ° w_th respect to the c-axis of
the sample.
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Fig. 5.3 (a) The infrared luminescence of Tm3÷ in LiYF4: Tm3÷(.5%)
(luminescence detected in the direction of the c-axis of
the sample).
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Fig. 5.3 (b) The infrared luminescence of Tm 3* in LiYF4 • Tm3+(.5%)
(luminescence detected at 90 o with respect to the c-axis of
the sample).
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Fig. 5.4 Temperature dependence of 800 nm luminescence of
Tm 3+ in LiYF4 :Tm3+ (.5%).
(a) :luminescence is detected in the direction of the c-axis of
the sample.
(b) :luminescence is detected at 90 o respect to the c-axis of
the sample.
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Fig. 5.5 The temperature dependence of 1.9 I_m luminescence of Tm 3÷
in LiYF4 : Tm3+(.5%).
(a) : Luminescence detected in the direction of the c-axis of
the sample.
(b) : Luminescence detected at 900 with respect to the c-axis of
the sample.
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Fig. 5.8 The infrared luminescence of Ho 3+ in LiYF4 • Ho3+(1%).
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Fig. 5.9 The temperature dependence of 2.1 p.m luminescence of
Ho 3+ in LiYF4 • Ho3+(1%).
93
+Xi!suea ieo!ido
94
j ! ! !
kO
d
+
E
v
+ ,_-
"I-
E
l--
kl"J
-I-
4-
0
-l-
kO
i ' | i !
6
_l!suacl ieo!ldo
\
/
/
I 1 r ;
0
0
0 "'"
o
rl
0
0 "0
o
t-
o
r',.. A
"" E o
_. ..,.,
-..,
m F.-
m _ u..
,-- >.
0
E
Q.
,- ._
0
m
e-
"- 0
i1
95
0I/I
N
II
I.-
+
cO
0
3:
Qo
if)
if)
v
T i I
1
I 1 i I
('try)  !suazul
0
0
0
O
O
O
O
+
c_
o
"I"
u_
v
+
c_
E
k-
U_
>-
_s
o
Q)
_J
c-
E
c.)
O
G)
c-
k-
LA.
96
AV
=m
t_
C
C
m
_
_
t
i
3F4_3H6(Tm3+) ; 517_518(H03+ )
0 _ I
1500 1700 1900
T=300K
: I i J
Wavelength (nm)
2100
Fig. 5.12 The infrared luminescence spectrum of LiYF4" Tm3+(5%);
Ho3+(.2%) (only 3H4 level of Tm 3+ is excited by using a diode
laser operated at T=12.8oC).
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6. EXPERIMENTAL RESULTS II. EXCITATION MEASUREMENTS
6.1 LiYF4 : Tm3+(.5% at.)
The excitation spectra of Tm 3+ and Ho 3+ in different samples were
measured by monitoring a luminescence line of these ions, while varying the
wavelength of the incident radiation by means of the .22 meter SPEX
monochromator as decribed in section 3.2.1. The gratings used were those of
600 grooves/ram blazed at 1.5 I_m and 1200 grooves/ram blazed at 500 nm.
The experimental conditions under which the excitation spectra were
made are reported in either the figures or the tables.
The excitation spectra of LiYF4 : Tm(.5%) were measured at 295K by
monitoring the luminescence at 1.7, 1.8, and 2.1 I.[m. No signal was detected
when the luminescence was monitored at 2.1 Ilm, indicating that no emission
from Tm 3+ occurs at this wavelength.
The excitation spectrum of 1.7 IJ.m emission from 3F4 level of Tm is
reported in Table 6.1 and Fig. 6.1. The absorption bands responsible for the 1.7
and 1.8 p.m luminescence correlate with the absorption spectrum of LiYF4 :
Tm3+(.5% at.).
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6.2 LiYF4 : Ho3+(1% at.)
The excitation spectra of LiYF4 : Ho3+(1% at.) were obtained at 295K by
monitoring the luminescence at 2.1 gm. No absorption bands were observed when
the luminescence was monitored at 1.6, 1.7 and 1.8 p.m, indicating that no emission
from Ho 3+ occurs at these wavelengths.
The excitation spectrum of 2.1 IJ.m emission from 517 level of Ho is
reported in Table 6.2 and Fig. 6.2. The absorption bands responsible for the
emission correlate with the absorption spectrum of LiYF4 : Ho3+(1% at.).
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6.3 LIYF4 :Tm3+(5%), Ho3+(.2%)
The excitation spectra of LiYF4 : Tm3+(5%), Ho3+(.2%) were obtained at
295K by monitoring the luminescence at 1.6, 1.7, 1.8 and 2.1 ll.m. The
excitation spectrum of the 1.7 JJ.memission of LiYF4 : Tm3+(5% at.), Ho3+(.2%
at.) is reported in Table 6.3(a) and Fig. 6.3(a). The absorption bands
responsible for the luminescence from 3F4 level of Tm and 517 level of Ho
coincide with those of Tm 3+ and Ho 3+ in LiYF4 . The bands can be easily
assigned to either Tm 3+ or Ho 3+.
The excitation spectrum of 2.1 p.m luminescence of the sample is reported in
Table 6.3(b) and Fig. 6.3(b). It is simply the superposition of the excitation
spectra of the 1.7 IJ.m emission of LiYF4 : Tm 3÷ and the 2.1 ,u.m emission of
LiYF4 : Ho 3÷.
100
_.(nm)
656.7
681.0
699.0
TABLE 6.1
EXCITATION SPECTRUM OF LiYF4: Tm3+(.5%) AT T=295K
(1.7 I_m Luminescence Monitored)
Z(cm -1 ) Intensity Energy Level
Assignment
15228 7
14684 66
14306 20
3F2, 3F 3
774.6
786.6
12910 42
12713 37
3H 4
1178.8 8483 53
1208.0 8278 115
3H 5
1371.2 7293 19
1404.3 7121 4
3F2,3F 3
(second order)
1559.0 6414 8
1585.0 6309 8
3H4
(second order)
1682.5 5944 91
1741.0 5744 31
1793.0 5577 7
1832 5459 8
1880.8 5317 4
3F4
101
Refer to Figure 6.1
Source: Jarrell Ash 30W tungsten Lamp
Detector: Spex Model 1428 PbS detector
Spex Model 1681 .22m monochromator; slits (both) : 800 I,tm
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity: 100 I.LV
Time Constant : .3 sec.
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_t(nm)
413.4
446.4
468.6
480.6
533.4
TABLE 6.2
EXCITATION SPECTRUMOF LiYF4:Ho3+(1%)AT T=295K
(2.1 pm Luminescence Monitored)
_,(cm-1) Intensity Energy Level
Assignment
24190 7 I 5G5
22401 29
21340 111
20807 19
5F1,3K8,
5F2,5F3
18748 94 5F 4
636.0
651.3
15723 106
15354 48
5F 5
831.0
888.0
12034 3
11261 21
1078.0 9276 16
515
Ss 2
1152.1 8680 112
1195.0 8368 91
516
1279.5 7816 32
1312.0 7622 15
5F 5
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TABLE 6.2
EXCITATIONSPECTRUMOF LiYF4:Ho3÷(1%)AT T-295K
(2.1 p,m Luminescence Monitored)
(Continued)
_L(nm) _,(cm-1) Intensity
1351 7402 6
1371.8 7290 3
1419.3 7046 2
1453.1 6882 3
1608.4 6217 7
1780.0 5618 6
1825.5 5478 5
Energy Level
Assignment
1891.2 5288 64
1916.5 5218 56
1939.3 5156 106
1997.8 5006 26
2019.2 4952 31
2053.0 4871 46
517
Refer to Figure 6.2
Source: Jarrell Ash 30W tungsten Lamp
Detector : Spex Model 1428 PbS detector
Spex Model 1681 .22m monochromator; slits (both) : 600 I,l,m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity :50 IJ,V
Time Constant : .3 sec.
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TABLE 6.3(a)
EXCITATION SPECTRUMOF LiYF4:Tm3+(5%),Ho3+(.2%)AT T=295K
(1.7 p.m Luminescence Monitored)
_L(nm) _.(cm-1) Intensity
21716 4
21368 3
460.5
468.0
Energy Level
Assignment
5F1,5F2,5F3
(Ho3+)
532.8 18769 7 5F4(5S2)(Ho3+)
636.0
657.0
663.0
678.0
699.0
15723
15221
15083
14749
14306
11
17
15
113
43
3F2, 3F3(Tm3+);
5F5 (Ho3+)
774.0
789.0
798.0
808.5
12920
12674
12531
12369
84
76
30
12
3H 4 (Tm 3+)
1178.1
1208.O
1276.9
8488
8278
7831
54
101
5
3H 5 (Tm3+);
516 (Ho 3+)
105
_(nm)
TABLE 6.3(a)
EXCITATIONSPECTRUMOF LiYF4:Tm3÷(5%),Ho3+(.2%)AT T=295K
(1.7 pm Luminescence Monitored)
(Continued)
_,(cm-1) Intensity Energy level
Assignment
1312.0 7622 6
1328.9 7525 4
1370.5 7297 37
1403.0 7128 13
1562.3 6401 18
1583.7 6314 20
3F2, 3F 3, 3H4 (Tin3+);
5F 5 (Ho 3+)
(second order)
1682.5 5944 46
1728.0 5787 22
1742.3 5740 28
1796.3 5567 10
1832.0 5459 6
3F 4 (Tin 3+)
Refer to Figure 6.3(a)
Source: Jarrell Ash 30W tungsten Lamp
Detector : Spex Model 1428 PbS detector
Spex Model 1681 .22m monochromator; slits (both) : 550 p,m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity : 100 i_V
Time Constant :.3 sec.
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TABLE 6.3(b)
EXCITATION SPECTRUMOF LiYF4:Tm3+(5%),Ho3+(.2%)AT T=295K
(2.1 _m Luminescence Monitored)
X(cm-1) Intensity Energy Level
Assignment
21575 5 I 5G5 (H°3+)
X(nm)
463.5
533.4
636.0
655.8
684.0
697.5
18748 7
15723 10
15249 17
14620 128
14337 46
3F2, 3F3(Tm3+);
5F 5 (H03+)
774.3
787.5
807.0
12915 96
12698 81
12392 14
3H 4 (Tm 3+)
1178.8 8483 62
1214.5 8234 118
1276.3 7835 7
3H s (Tin3+); 516 (Ho 3+)
1318.5 7584 8
1331.5 7510 7
1370.5 7297 46
1403.0 7128 17
1559.0 6414 25
1585.0 6309 26
3F2, 3F3, 3H4 (Tm3+);
5F 5 (Ho 3+)
(second order)
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TABLE 6.3(b)
EXCITATION SPECTRUM OF LiYF4: Tm3+(5%), Ho3*(.2%) AT T=295K
(2.1 p.m Luminescence Monitored)
(Continued)
X(nm) _.(cm-1 ) Intensity Energy Level
Assignment
1689.0 5921 70
1747.5 5722 34
1793.0 5577 10
1832.0 5459 9
1890.5 5290 6
1910.0 5236 3
1939.9 5155 4
3F 4 (Tm3*);
517 (Ho 3*)
Refer to Figure 6.3(b)
Source: Jarrell Ash 30W tungsten Lamp
Detector : Spex Model 1428 PbS detector
Spex Model 1681 .22m monochromator; slits (both) : 350 l_m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity : 50 p.V
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7. EXPERIMENTAL RESULTS III. DECAY PATTERNS
Pulsed luminescence measurements were done by using the apparatus
described in section 3.3. An interference filter centered at the wavelength of
interest was used to study a decay pattern. The lifetime was measured by using
the best exponential fit to the decay curve. The experimental conditions under
which the different measurements were done are described either under the
figures or at the end of the tables.
Energy transfer rates can be determined by using the measurement of
the excited state lifetime of the sensitizer, if the presence of the activator does
not introduce structural changes in the crystal. The fluorescence lifetime of the
sensitizer is given by
1/'tF = PSA + l/'_S (7.1)
where 'tS is the intrinsic lifetime of the sensitizer. The rate of the energy transfer
can then be found experimentally:
PSA = 1/'OF - 1/'_S (7.2)
The efficiency of the transfer can be expressed as follows:
tit = PSA/(1/'c s +PsA) = 1 -I:F/'_ s (7.3)
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7.1 LIYF4 : Tm3+(.5%)
The response to pulsed excitation of the optical luminescence from the
3H4 level of Tm in LiYF4 was measured by exciting the sample with 660 nm
pulses from the dye laser which pump the system into the 3F3 level. The
measurements were made in the temperature range 77K - 300K. The decay
pattern of this emission is found to be pure exponential at all temperatures. The
lifetime of the same level, reported in Table 7.1 and Fig. 7.1, decreases with
increasing temperature.
The response to pulsed excitation of the infrared luminescence from the
3F 4 level of Tm in this sample was measured by exciting the sample with 795
nm pulses from the dye laser which pump the system into the 3H 4 level. The
measurements were made in the temperature range 8 - 550K by monitoring the
emission at 1.6, 1.7, 1.8, and 1.9 I_m. Table 7.2 and Figs. 7.2, and 7.3 relate to
these measurements.
The decay patterns at the various wavelengths present the following
features :
i) ,_t early times of decay, the patterns are different but eventually they become
the same. They are reported in Fig. 7.4 for 300, 77 and 8K.
ii) At high temoeratures, all the decay curves are similar. They have a rise at
early times followed by an exponential decay.
iii) At low tel_Deratures, the decay pattern of the 1.6_m emission differs from the
others. It shows a double decay at 77K and a rise followed by an exponential
decay at 300K.
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The temperature dependence of the time constant of the longer
component of each decay pattern was obtained by using the best exponential fit
to the decay curve, and is reported in Table 7.3 and Fig. 7.5. It was found to
decrease with increasing temperature.
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7.2 LIYF4 : HO3+(1%)
The decay pattern of the infrared luminescence from the 517 level of Ho in
LiYF4 : Ho3+(1%) was obtained at various wavelengths by exciting the sample
with 545.7 nm pulses from the dye laser. These measurements were made in
the temperature range 77 to 550K by monitoring the luminescence at 1.6, 1.7,
1.8, 1.9 and 2.1 I_m.
The pattern at 2.1 I_m is given in Fig. 7.6 for 300 and 77K. The following
observations can be made:
i) The decay patterns at 1.9 and 2.1 _m have the same features. They both have
a rise followed by an exponential decay (tail).
ii) The time constants of the rise and the tail at 2.1_m were found to be 1.4 and
16.6 msec for 300K respectively. In addition to the above a very fast decay was
observed at all temperatures.
iii) The patterns at 1.6 and 1.7 p.m show an exponential decay at all
temperatures with a time constant 113 l_sec at 300K. No luminescence was
observed at 1.8 _m.
The time constant of the experimental tail of the 1.9 and 2.1 I_m emission
was considered to be the lifetime of the 517 level. The temperature dependence
of this lifetime was obtained by using the best fit to the data, and is reported in
Table 7.4 and Fig. 7.7. It increases with increasing temperature until 400K, and
then decreases to 17.7 msec at 550K.
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7.3 LIYF4 :Tm3*(5%), H03+(.2%)
The response of the LiYF4 : Tm3+(5%), Ho3+(.2%) sample to pulsed
excitation was measured in the temperature range 8 - 550K by monitoring the
luminescence at 1.6, 1.7, 1.8, 1.9 and 2.1 I_m. These measurements were done
by exciting either the 3H4 level of Tm with 795 nm pulses or the 5S2 level of Ho
with 545.7 nm pulses from the dye laser. The decay times and decay patterns at
the various wavelengths and temperatures are reported in Table 7.5 and Figs.
7.8 and 7.9
The decay curves present the following features :
i) The patterns at various wavelengths differ only in their initial parts as shown in
Fig. 7.10.
ii) At high temoeratures, all the multiple-exponential decays show a rise at early
times of the decay (see Table 7.5).
iii) At low temoeratures, all the patterns show three decays; a fast decay, an
intermediate decay and a long decay. In addition to the above, the emission
from 2.1 I_m shows a rise at all temperatures.
The last three figures of this chapter 7.9 to 7.11 and the accompanying
Tables 7.6 and 7.7 give the time constants of the tails of the decay curves of the
infrared luminescence observed in our experiments.
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TABLE 7.1
TEMPERATUREDEPENDENCEOF LIFETIMEOF Tm3+3H4 ENERGYLEVEL
IN LiYF4 :Tm3+(.5%at.)
Temperature Lifetime
(K) (msec)
8 2.40
30 2.38
60 2.36
77 2.38
100 2.36
150 2.25
200 2.21
250 2.11
300 2.04
Refer to Fig. 7.1
Excitation source : EG&G PrincetonApplied ResearchModel 2100
tunable dye laser pumped by a nitrogen laser
Excitation wavelength : 660 nm
Detector : RCA C13034 photomultiplier tube
Luminescence monitored • 3H4-*3H6
Filter used : narrow band interference filter centered at 800 nm
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TABLE 7.2
DECAY TIMES OF DECAY PATTERNS AT VARIOUS WAVELENGTHS FOR
T = 300, 77 AND 8K
;L
(u.m)
1.6
1.7
1.8
1.9
E.._39gE T = 77K T=8K
'¢-dse 't-fast t-tail
(msec) (msec) (msec)
0.4 .... 12.7
1.1 .... 13.7
0.9 .... 14.2
0.5 2.1 14.3
t-rise 'c-fast t-tail
(msec) (msec) {msec)
.... 2.1 25.7
1.4 .... 16.9
1.4 .... 16.5
1.4 .... 16.2
•_-dse ,c-fast "t-tail
(msec) (msec) (msecl
.... 2.3 45.2
1.2 .... 18.9
1.9 .... 16.6
The conditions under which the experiment was done are given under Table 7.3
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TABLE 7.3
TEMPERATUREDEPENDENCEOF LIFETIMEOF Tm3÷3F4ENERGYLEVEL
IN LiYF4 • Tm3+(.5% at.)
Li feti m e (1) Li feti me (3)Te m pe ratu re Lifeti me (2) Lifeti me (4)
(K) (msec) (msec) (msec) (msec)
8 20.8 ....... 20.9 19.5
30 19.8 ....... 18.8 19.7
60 19.4 .............. 19.3
77 18.4 18.9 18.2 18.3
100 17.2 18.1 17.6 17.8
150 16.2 16.7 16.7 16.9
200 16.0 15.6 16.3 16.2
250 15.2 15.4 15.6 15.4
300 14.5 14.6 14.9 14.3
350 14.4 14.4 14.5 14.8
400 14.3 14.6 14.3 14.7
450 13.9 14.3 14.1 14.2
500 13.1 13.6 13.7 .......
550 13.1 13.3 13.3 13.2
(1) : luminescence monitored at 1.6 pm
(2) : luminescence monitored at 1.7 I_m
(3) : luminescence monitored at 1.8 l_m
(4) : luminescence monitored at 1.9 _m
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Refer to Figs. 7.2, 7.3, 7.4 and 7.5
Excitation source : Quantel tunable dye laser Model TDL-51 pumped by a
Quantel Nd3+: YAG (Yttrium Aluminum Garnet)
Model 660A-10
Excitation wavelength : 795 nm (3H4 level of Tm is excited)
Detector : Judson Infrared Inc. Model J12TE2 InAs detector
Luminescence monitored : 3F4"')3H6
Filters used : 1.6, 1.7, 1.8 and 1.9 I_m
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TABLE 7.4
TEMPERATUREDEPENDENCEOF LIFETIMEOF Ho3+517ENERGYLEVEL
in LiYF4 • Ho3+(1%at.)
Temperature Lifetime(1) Lifetime(2)
(K) (msec) (msec)
77 ........ 15.5
100 15.0 15.5
150 15.4 16.0
200 16.6 17.2
250 16.7 17.5
300 17.2 17.6
350 18.1 18.6
400 18.3 18.3
450 18.8 18.7
500 18.5 18.0
550 17.7 17.7
(1) : luminescence monitored at 1.9 i_m
(2) : luminescence is monitored at 2.1 I_m
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Referto Figs. 7.6 and 7.7
Excitation source : Quantel tunable dye laser Model TDL-51 pumped by a
Quantel Nd3+:YAG (Yttrium Aluminum Garnet)
Model 660A-10
Excitation wavelength : 545 nm (5S2 level of Ho is excited)
Detector : Judson Infrared Inc.Model J12TE2 InAs detector
Luminescence monitored : 517_518
Filters used : 1.6, 1.7, 1.8, 1.9 and 2.1 I_m
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TABLE 7.6
TEMPERATUREDEPENDENCEOF LIFETIMEOF Tm3+3F4 ENERGYLEVEL
AND Ho3+517ENERGYLEVEL IN LiYF4 • Tm3+(5%at.), Ho3+(.2%at.)
Lifetime(2)Temperature Lifetime(1) Lifetime(3) Lifetime(4) Lifetime(5)
(K) (msec) (msec) (msec) (msec) (msec)
8 11.5 ...... 10,8 10,9 11.6
30 11.6 ...... 11,4 11.9 11.7
60 11.8 ...... 11.7 11.8 11.8
77 12.1 ...... 11.7 11.8 12.0
100 12.1 11.7 12.1 12.1 12.2
150 12.3 12.3 12,3 12.1 12.4
200 12.5 12.6 12,8 12.3 12.7
250 12.8 12.6 12.7 12.7 12.8
300 12.6 12.6 12.8 12.5 12.7
350 12.5 12.3 12.6 12.2 12.5
400 11.9 11.9 11.8 11.8 11.9
450 11.4 11.4 11.4 11.2 11.3
500 10.9 11.0 11.2 10.9 11.1
550 10.5 10.8 10.5 10.8 10.4
(1) : luminescence monitored at 1.6 p.m
(2) : luminescence monitored at 1.7 I_m
(3) : luminescence monitored at 1.8 I_m
(4) : luminescence monitored at 1.9 _m
(5) :luminescence monitored at 2.1_m
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, _ PRECEDING PAGE BLANK NOT FILMED
Refer to Figs. 7.8, 7.9, 7.10 and 7.11
Excitation source : Quantel tunable dye laser Model TDL°51 pumped
by a Quantel Nd3+: YAG (Yttrium Aluminum Garnet) Model 660A-10
Excitation wavelength : 795 nm (only 3H4 level of Tm is excited)
Detector : Judson Infrared Inc. Model J12TE2 InAs detector
Luminescence monitored :3F4--_3H6 (Tm3+); 517-_518 (Ho 3+)
Filters used : 1.6, 1.7, 1.8, 1.9 and 2.1 I_m
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TABLE 7.7
TEMPERATUREDEPENDENCEOF LIFETIMEOFTm 3+3F4 ENERGY LEVEL
AND Ho3+517ENERGY LEVEL IN LiYF4 •Tm3+(5%at.), Ho3+(.2%at.)
Temperature Lifetime(1) Lifetime(2) Lifetime(3) Lifetime(4) Lifetime(5)
(K) (msec) (msec) (msec) (msec) (msec)
150 ........................ 11.7 12.2
200 ........................ 12.3 12.4
250 20.9 15.7 12.6 12.8 12.7
300 18.1 13.4 12.3 12.4 12.2
350 16.1 12.7 12.2 11.9 11.6
400 12.5 12.6 11.6 11.5 12.4
450 11.7 12.1 11.3 11.3 12.2
500 10.5 11.5 11.1 11.1 11.6
550 11.9 10.9 10.9 10.7 10.5
(1) : luminescence monitored at 1.6 I_m
(2) : luminescence monitored at 1.7 I_m
(3) : luminescence monitored at 1.8 I_m
(4) :luminescence monitored at 1.9 p.m
(5) : luminescence monitored at 2. lp, m
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Referto Fig. 7.12
Excitation source : Quantel tunable dye laser Model TDL-51 pumped
by a Quantel Nd3+:YAG (Yttrium Aluminum Garnet)
Model 660A-10
Excitation wavelength : 545 nm (only 5S2 level of Ho is excited)
Detector : Judson Infrared Inc. Model J 12TE2 InAs detector
Luminescence monitored : 3F4"-'_3H6 (Tm3+); 517_518 (Ho 3+)
Filters used : 1.6, 1.7, 1.8, 1.9 and 2.1 I_m
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Fig. 7.1 Temperature dependence of lifetime of optical luminescence
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(1) :luminescence monitored at 1.6 _m
(2) : luminescence monitored at 1.7 p.m
(3) : luminescence monitored at 1.8 I_m
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(5) : luminescence monitored at 2.1 I_m
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(2) "luminescence monitored at 1.9 I_m
(3) "luminescence monitored at 2.1 p.m
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8. DISCUSSION OF RESULTS I. ABSORPTION, LUMINESCENCE,
AND EXCITATION
8.1 LIYF4 : Tm3+(.5%at.)
The absorption spectrum of Tm 3+ in LiYF4 at room temperature was
shown in Figures 5.1 (a) and 5.1 (b). The various peaks, as indicated in those
figures, are consistant with the energy level scheme given by Jenssen et al [Ref.
9 of Ch. 4]. The absorption transitions related to the 3F4 level are shown in Fig.
8.1 for 300 and 78K. The following observations can be made:
i) More absorption lines appear at higher temperatures.
ii) The Stark lines of the absorption band are sharper at low temperatures and
become broader at higher temperatures.
The mechanism responsible for these effects is the following:
The absorption or emission of a photon by an ion in a crystal lattice may
be accompanied by the absorption or emission of one or more phonons. This
process introduces a side band structure for the norrow lines of purely-radiative
transitions between the electronic levels of the ion, which is observed as
broadining of the absorption or emission lines at higher temperatures.
The luminescence spectrum of the sample in the optical region is stronger
when the sample is excited into the Tm 1G4 level by an Argon - Ion laser than by
a tungsten lamp. We observed that the opposite is true for the emission from the
3F 4 level. This indicates that the energy from the intermediate levels of Tm
reaches the 3F4 level more efficiently than the energy coming from the upper
excited levels because of the many jumps necessary to get to this level.
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The integrated intensity and the lifetime of the optical emission related to
the 3H 4 _ 3H 6 transition have different temperature dependences. This is also
true for the emission from the 3F4 level (see Figs. 8.2 and 8.3). This could be due
to an increase of the absorption intensity with temperature. We excluded this
possibility by verifying that the amount of light from a tungsten lamp passed
through the sample did not change with the temperature. The different
dependence on the temperature of the intensity and lifetime curves is most likely
be due to the fact that the excitation used for the measurements of the intensity
was broad band and produced the population of several levels whose decay did
not always replenish the luminescent levels.
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8.2 LIYF4 : H03+(1% at.)
Considering the absorption spectrum of Ho 3+ in LiYF4 at room
temperature reported in Figs. 5.6 (a) and 5.6 (b), the energy level assignments
on these figures agree with the energy level scheme calculated by Karayanis et
al [Ref. 15 of Ch. 4].
The absorption spectrum of Ho 517 level at 77 and 300K is reported in
Fig. 8.4. The Stark lines are sharper at low temperatures and they broaden at
higher temperatures. This is due to the temperature dependence of the crystal
field acting on the Ho ion.
The Tm 3F 4 _ Ho 517 energy transfer depends on the absorption
coefficient integral of the Ho 517 level.The temperature dependence of this
integral reported in Table 8.1 and Fig. 8.5 has found to decreasevery with
increasing temperature.
The integrated intensity of the emission from the Ho 517 level and the
lifetime of the 517 level have different temperature dependence (see Fig. 8.6).
The exptonation of this fact is similar to the one given in the previous section.
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8.3 LIYF4 : Tm3+(5%); Ho3+(.2%)
The absorption spectrum of the sample co-doped with Tm 3+ and Ho 3+
was shown in Figures 5.10 (a) and 5.10 (b). The spectrum is simply the
superposition of the spectra of LiYF4 : Tm 3+ and LiYF4 : Ho 3+ samples. This
means that the interaction between the Tm 3+ and Ho 3+ ions does not introduce
new energy levels in this system.
The excitation spectrum of the infrared emission of LiYF4 : Tm3+(5%at.);
Ho3+(.2%at.), reported in Fig. 6.3, was obtained by monitoring the emission at
1.71_m. It contains the Ho absorption bands in addition to the Tm absorption
bands. The excitation spectra obtained by monitoring 1.8, 1.9 and 2.11_m were
found to be identical to the one obtained for the 1.71_m emission. This is an
experimental evidence for the back transfer from 517 level of Ho to 3F4 level of
Tm and is consistent with the model in which the transfer is goverened by
thermalization.
A relevant parameter for the study of the energy transfer between levels
3F 4 of Tm and 517 of Ho is the overlap integral between the 3H s --> 3F4 Tm
absorption and the 517 --_ 518 Ho emission. We followed this calculation with the
evaluation of the microscopic parameter C(6) and of the characteristic radius Ro,
at which the transfer rate is equal to the lifetime of Tm in absance of Ho. These
quantities are reported in Table 8.2 and Fig. 8.9. Ro is measured to be 2.3 x 10
7
cm at room temperature.
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TABLE 8.1
The Temperature Dependence of The Absorption Coefficient Integral
of 517 level of Ho 3+ in LiYF4
T(K)
Absorption Coefficient Integral
(x 10 3 cm -2)
78 0.126
100 0.125
1 50 0.124
200 0.124
250 0.122
300 0.121
350 0.121
Refer to Figures 8.5 and 8.6
Source: Jarrell Ash 30W tungsten Lamp
Detector : Spex Model 1428 PbS detector
Spex Model 1681 .22m monochromator; slits (both) : 150 _m
Stanford Research Systems Model SR510 "lock-in" amplifier
Sensitivity : lmV
Time Constant : 0.3 sec.
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TABLE 8.2
6
The Temperature Dependence of Ro, C(6), and reciprocal Lifetime
of 3F4 level of Tm 3+ in LiYF4
R_ C(6) Reciprocal
T(K)
(xl 0 .40 cm 6) (xl 0 -38 cm6/sec) Lifetime of Tm 3+
(sec)-I
78 5.74 3.11 0.54
100 4.13 2.33 0.56
150 2.72 1.64 0.60
200 1.92 1.20 0.62
250 1.55 1.01 0.65
300 1.31 0.09 0.686
350 1.24 0.086 0.69
Refer to Figure 8.8, 8.9 and 8.10
See the conditions reported under Tables 5.12 and 8.2
160
0.5
0.4-
>,
0.3-
e,.
0.2-
,,m
Q.
0
0.1-
m
0.0 "- II
0.5
m
_ 0.4-
,I
C
0.3-m
0
m
0
0.2-
m
0.1-
o.o [
1500
T=3OOK
3H6-_3F4
I I I I I I I
1600 1800
T=78K
3H6.-)3F 4
J
I I
1600
I I I
1700 1800
-i -_- 'V
1900
Wavelength (nm)
Fig. 8.1 The absorption spectrum of 3F4 level of Tm 3+ in LiYF4.
2000
2000
161
,., 2.5
5
<
-..- 2.1-
1.7-c
O
G,m
c
m 1.3-,
o
II
"- 09
c
- 0.5
o Integrated Intensity
u Lifetime
oo
E]r_
0
I;!
0 0 O0 0
B [] R
sb 160 1_0260 2_0 360 3_0 4(
Temperature (K)
Fig. 8.2 Comparison of the temperature dependence of the integrated
intensity and the lifetime of the 3H4 level of Tm in LiYF4 (The
integrated intensity was obtained by exciting the system by a
tungsten lamp, and the lifetime was measured by exciting the
system into the 3F 3 level with a laser pulse).
162
_. 1.5
4
v 12
= 1.1II
o
- 0.9
'v
o
= 0.7
L.
@
= 0.5
0
o o
o o o
o
0 o
DO
B B B B
13 13 B
O IntegratedIntensify
B Lifetime
o
[] 13
I I I I I
100 200 300 400 500 600
Temperature (K)
Fig. 8.3 Comparison of the temperature dependence of the integrated
intensity and the lifetime of the 3F4 level of Tm in LiYF4 (The
integrated intensity was obtained by exciting the system by a
tungsten lamp, and the lifetime was measured by exciting the
-system into the 3H4 level with a laser pulse).
163
°5 • •
>,
m
i-
@
o
i
m
Q.
O
0.4-
M
0.3-
0.2-
q
0.1-
0.0
0.5
518--)517
I ! I I
1800
l
I I I
2000
T=3OOK
\
I I
22OO
C
Q)
o
m
m
Q.
O
T=78K
1800 1900 2000 2100
Wavelength (nm)
Fig. 8.4 The absorption spectrum of 517 level of Ho 3+ in LiYF4.
2200
164
0.15
0.14
O
" _, 0.13
.. E
c o
_= o 0.12
O
¢=
o 0.11
Q.
L_
O
0.1
<
[]
I
0
0 [] []
0 [] 0
I i I I t
100 200 300 400
Temperature (K)
Fig. 8.5. The absorption coefficient integral of 517 level of Ho 3+ in LiYF4
versus temperature.
165
A:5 2
>,
,,,,,1.5-
C
i-
ra
"O
O
I._
O=
O
c-
I
m
O Inteqrated Intensity
El Lifetime
O O []
o B o El
o o o oO O
m B B B
0.5
I I I I I
0 100 200 300 400 500 600
Temperature (K)
Fig. 8.6 Comparison of the temperature dependence of the integrated
intensity and the lifetime of the 517 level of Ho in LiYF4 (The
integrated intensity was obtained by exciting the system by a
tungsten lamp, and the lifetime was measured by exciting the
system into the 5S 2 level with a laser pulse).
166
0.01
0.008 -
>, 0.006-
C
0
¢: 0.004-
0.002 -
\r_
T=300K
518-)517
3F4-->3H 6
Tm Emission
v.vvv 1 I I I - I 1 - "1 ' '1
1850 2000
- Ho Absorption
o.0o8
_ 0.006- 518.__517
C
C
-- 0.004- #%
0.002 -
Tm Emission
-.j ',.__
0.000 ,, I I I I I I I
1850 2000
Wavelength (nm)
1
2150
T=78K
I I
2150
Fig. 8.7 The overlap between the normalized emission and the absorption
spectrum of 3F4 level of Tm3+ and absorption spectrum of 517 level of
Ho 3+ in LiYF4.
167
0.04
m
L_
'*" E
r- on
¢U °
• X0 ""
0
e-
l-.
0.03
0.02
0.01
0
D
[]
l I
0 100
[]
[]
[]
[]
I I I I
200 300
Temperature (K)
400
Fig. 8.8. The temperature dependence of the overlap integral between
the normalized emission spectrum of 3F4 level of Tin3+
and the absorption spectrum of 517 level of Ho 3+ in LiYF4.
168
65
A
4 --
_ 3 --
o '_
v X
E
1 --
0
50
[]
[]
0 0
• []
O
0 0 0
I i i I
100 150 200 250
Temperature (K)
r_ (a)
• (b)
o (c)
[]
O 0
300 350 400
Fig. 8.9. The temperature dependence of
6(a)'R o,
(b) • The macroscopic interaction parameter, C(6), and
(c) • The reciprocal lifetime of 3F4 level of Tm3+ in LiYF4.
169
9. DISCUSSION OF RESULTS II. DECAY PATTERNS AND
(Tm) 3F4 <-> (Ho)517 ENERGY TRANSFER
9.1 Considerations on Luminescence Decay Patterns
When one of the levels of a multilevel system is excited by a pulse of
energy the system may relax to the ground state directly or via many jumps
between the intermediate levels. The process may be studied by considering a
three level system with two metastable states indicated by the indices of 3 and
2, and a ground state, 1 (see Fig. 9.1). If levels 3 and 2 are connected by certain
probabilities P32 and P23 which depend on the ground state population, N o, the
rate equations of the population is given by [1]
N3 = - N3P31 - N3P32 + N2P23
N2 = - N2P21 - N2P23 + N3P32
(9.1.1)
where P31 is the decay rate from state 3 to the ground state, and P21 is the
decay rate from state 2 to the ground state.
Three different cases can be considered.
1) P23 = P32 ~0 : The equations above become
N3 = - N3P31
N2 = - N2P21
(9.1.2)
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The solutions are
N3 = N3(0)exp( - P31t )
N2 = N2(0)exp( - P21t )
(9.1.3)
In this case, each level decays with its characteristic decay time since there is
no connection between the levels.
2) P23 ~0 : The rate equations become
N3 = - N3P3
N2 = - N2P2 + - N3P32 (9.1.4)
where P3 = P31 + P32, and P2 = P21
The solutions for these equations are
N3 = N3(0)exp( - p3t )
I P32 texp(- p21t)N2 = N2(0) + P3 + P21 IN2(0) P32]exp (+ L_- P_ J - p3t )
(9.1.5)
The decay curve of the emission from level 2 is superposition of two exponential
as can be seen in (9.1.5).Three different cases can be observed:
1-1) If D3 >> D21 the decay pattern of the N2(t) shows an exponential with the
decay time equal to 1/P21.
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1-2) If the exciting oulse is short enough, N2(t) can show a maximum at a time
tmax after the end of the pulse. This time is related to the populations and
probabilities as follows:
tmax> 0 forp3_> P21
N2(0) (9.1.6)
P32N3(0)
1-3) If P21 > P3, and N2(0) > P21 - P3 a double decay is observed. The presence
of the double decay in case of three level system shows that level 2 is also
excited directly from some absorption band above level 3 or the energy is
transfered from some other ion.
3) If P23 # O, and P32, P23 =,> P31, P21: the solutions for the
equations given in (9.1.1) are
N3(t) =I N3(0)p23 +N2(0)P23]exp ( _ pt) JN2(0)p_3 +N3(0)P321exp( -(P32 +P23 )tP32 + P 23 J [ P32 + P 23 J
rate
N2(t) = N2(0)P32 + 0)!)32 exp( - pt ) L P32 +P23 JP32 +
(9.1.7)
where p =P21p32 +P31 P23
p32 +P23
If the two metastable levels are thermalized, they decay with the same
time constant that depends on intrinsic lifetimes t2 =1/p21 and 't3 =1/p31 of the
two levels and the energy difference AE between the two levels. The ratio of the
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initial populations of these levels can be expressed in terms of Boltzman
distribution which is
N3(O) =P-Z_ = exp (_E32)
N2(0) P32 kT-
and (9.1.8)
P23
N3(t) =N3(0)exp (- pt ) =N2(0) ,,l__)exp (- pt )
where
1
or (9.1.9)
1..!__+ l__e-,_E_.4kT
p = i = 1:2 _
1 + e- aE,=/kT
We can make the following observation • if two decays coming from different
levels have the same lifetime they originate either from two levels in thermal
equilibrium or two different and not normalized levels which accidently have the
same lifetime.
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9.2 LiYF4 : Tm3+(.5%)
We obtained the response to the pulsed excitation of the 3H4 level by
exciting the system into the 3F 3 level. The decay pattern of this level was found
to be an exponential at all temperatures. This shows that the lifetime of the 3F 3
level is much shorter than the lifetime of the 3H4 level.
When the 3H4 level of Tm is excited by a pulse from the laser the ion may
first relax to to the 3F4 level and then decay to the ground state. The relaxation
from 3H 4 level to the 3F4 level may occur directly via a radiative transition or
nonradiatively via the 3H5 level. The decay patterns obtained at various
wavelengths were shown in Figs. 7.1 and 7.2. They present a rise followed by
an exponential drop at all temperatures except for the emission at 1.6 p.m. This
emission shows a double decay at low temperatures and eventually becomes
the same as the other patterns obtained at 1.7, 1.8 and 1.9 p.m. We believe this
emission comes perhaps from a different Tm level. The rise observed in the
decay patterns of the different emission lines of the 3F 4 level is due to the
3H4-->3F 4 relaxation, and has the time constant of the 3H 4 level. The
exponential part of the pattern corresponds to the 3F4---->3H6 transition with the
time constant equal to the lifetime of the 3F4 level. The decay pattern of 3F4
level can then be described by two exponential decay as
I(t) ~ exp(-t/zl) - exp(-t/t2)
where zl is the lifetime of the 3F 4 level, and 1;2 is the lifetime of the 3H 4 level.
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9.3 LIYF4 : H03+(1%)
Response to pulsed excitation of the 517 level was obtained by exciting
the system into the 5S2 level of the Ho ion. Emission of this level at 1.9 and 2.1
_m shows similar features(see Fig. 7.5). The rise observed is due to the 516
517 relaxation since the relaxation from 5S2 level to the 516 and/or 517 levels is
much faster than the relaxation from the 516 level to the 517 level [Ref. 16 of Ch.
4]. The exponential decay is due to the 517 ---, 518 transition and shows how the
system in the 517 level relaxes to the ground state. We believe that the emission
lines centered at 1.6 and 1.7 I_m are due to the 5S2---,514 transition having the
lifetime of the 5S2 level.
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9.4 LIYF4 :Tm3+(5%), H03+(.2%)
The decay pattern of the emission of LiYF4 : Tm3+(5%), Ho3+(.2%) in the
2 p.m region was obtained by monitoring the emission at different wavelengths.
The emission at low wavelengths (1.7 to 1.8 I_m) comes from the 3F4 level of Tm
and the emission at high wavelengths (2.05 to 2.2 I_m) comes from the 517 level
of Ho, and the emission at the intermediate wavelengths (1.8 to 2.0 Ilm) comes
from both ions.
We shall refer mainly to Figures 9.2 a to d, and to the results in Section
6.3. The experimental facts of relevance at this point are :
1) The excitation spectrum of the infrared emission is the same regardless of the
wavelength monitored, and is made out of bands due to both the Tm and Ho
ions.
2) The decay patterns at the various wavelengths are different in the early parts
of the decay, but eventually become similar.
These two facts seem to indicate that each decay pattern consists of a transient
(different for each wavelength) followed by a part that has the same time
constant for all the wavelengths and corresponds to a thermalization condition.
We shall use a model similar to the one used by other workers [2] in
order to understand the thermalization or approach to equilibrium between the
3F4 level of Tm and the 517 level of Ho. We represent each of the Tm (3F4) and
Ho (517) manifolds as a single level with the populations nl and N1, and
consider them connected by forward and backwor:l transfer rate k and k'
respectively. The rate equation are then given by
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rll =- n--l- - knlNo + k'noN1
_m
N1 =- N1 + knlNo- k'noN1
'_Ho
(9.4.1)
where no and No are the ground state populations of Tm and Ho, and kN o and
k'n o equal to P23 and 1:)32 given in (9.1.1) respectively. By adding these
equations we obtain the rate equation for the combined manifolds of Tm and
Ho, N = nl + NI.
N:(01÷N1)_-(n' (9.4.2)
This rate is independent of k and k'. At thermal equilibrium since the fraction of
excited Tm ions and excited Ho ions remains fixed we can write the following:
NI =aN, nl = 13N ;(:z+ I_= 1 (9.4.3)
Substituting these relations into equation (9.4.2) we obtain the equation for
exponential decay of the combined manifolds of Tm and Ho
N :(_!1 + N1) :- _--m-m+ N (9.4.4)
Equation (9.4.4) shows that the decay of the combined system occurs at a rate
which is linear combination of the intrinsic Tm and Ho decay rates. We expect
that the thermalization within each manifold to be faster than the thermalization
between two manifolds, therefore when thermal equilibrium is reached between
Tm and Ho ions, the emission across the spectrum should have the same decay
1 77
time. In fact equation (9.4.4) agrees with equation (9.1.9). The experimental
evidence seems to confirm the validity of the present model which implies the
existence of thermalization between the 3F4 level of Tm and the 517level of Ho.
Indeed, the decay patterns corresponding to the Tm and Ho emissions present
different behaviors initially, but after a certain interval of time, become the same,
realizing the thermalization condition. The interval of time preceding
thermalization decreases with increasing temperature. The common value of
the lifetime is close to the one of Ho, implying that oc= 1 and 13= 0 in (9.4.4).
The amplitudes of the exponential decays of 1.7 and 2.1 I.tm emissions
vary, as expected, according to the ratio eAE/k'I where the effective energy gap
was found to be bE = 364 cm 1. At temperatures lower than 100K we observed
a deviation from this exponential behavior, which we attributed to the fact that
the ions may have been heated by the absorption of light to temperatures
greater than that of the lattice.
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Fig. 9.1 Three level system with two metastable states.
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10. CONCLUSIONS AND SUGGESTIONS FOR THE FUTURE WORK
This thesis reports on a study of the temperature dependence of the
luminescent characteristics of Tm3+ and Ho 3+ ions in LiYF4, and the (Tm) 3F 4
(Ho) 517 energy transfer. The transfer occurs in both directions and thermal
equilibrium between the Tm ions in the 3F 4 level and the Ho ions in the 517 level is
reached. We observed that the condition for the thermal equilibrium is not achieved
immediately upon excitation. The time required for the equilibrium is found to be
temperature dependent as shown in Fig. 9.2. During the initial time interval
emission at different wavelengths present different patterns, but once the system
reaches the thermal equilibrium emission across the spectrum shows the same
decay pattern.
We can make the following considerations regarding the nature of the
energy transfer process between the Tm and Ho ions. We can safely assume that
this transfer is not due to the Dexter-type ( reference # 7 of chapter 2) process. The
Dexter process, according to our calculations of the previous section, would
produce a transfer that accelerates at low temperatures. The experimental
evidence provided by Figures 9.2 a to d indicates that the thermalization process
sets in at earlier times for higher temperatures. The energy transfer process is
therefore controlled by phonon assisted mechanism that responsible for its faster
rate at higher temperatures and for the existence of the backward transfer from Ho
to Tm. The interplay of the forward and backward transfers determines the
thermalization condition observed in this system.
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The following tasks are suggested for future work on these materials:
(1) To make the continuous luminescence and the lifetime measurements by
exciting each energy level selectively.
(2) To make the excitation spectrum measurements at low temperatures, such as
liquid nitrogen temperature.
(3) To make the excitation spectrum under pulsed ex._itation to get better
understanding of the transient features of the decays.
(4) To study concentration dependence of the 3F4 _-,517energy transfer.
(5) To compare the present measurements with similar measurements made on
other crystals, such as YAG (Yttrium Aluminum Garnet) and Germanate crystals,
doped with Tm and Ho ions.
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